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SEVENTH  INTERNATIONAL  SYMPOSIUM  ON 
APPLICATIONS  OF  LASER  TECHNIQUES  TO  FLUID  MECHANICS 


PREFACE 


The  proceedings  volumes  I  and  II  comprise  the  papers  that  were  accepted  for  presentation  at  the 
Seventh  International  Symposium  on  Applications  of  Laser  Techniques  to  Fluid  Mechanics  held 
at  The  Calouste  Gulbenkian  Foundation  in  Lisbon,  during  the  period  of  July  11  to  14,  1994.  The 
prime  objective  of  this  Seventh  Symposium  is  to  provide  a  forum  for  the  presentation  of  the  most 
advanced  research  on  laser  techniques  for  flow  measurements,  and  reveal  significant  results  to  fluid 
mechanics.  The  applications  of  laser  techniques  to  scientific  and  engineering  fluid  flow  research  is 
emphasized,  but  contributions  to  the  theory  and  practice  of  laser  methods  are  also  considered  where 
they  facilitate  new  improved  fluid  mechanic  research.  Attention  is  focused  on  laser-Doppler 
anemometry,  particle  sizing  and  other  methods  for  the  measurement  of  velocity  and  scalars  such  as 
particle  image  velocimetry  and  laser  induced  fluorescence. 

The  papers  comprising  the  formal  record  of  the  meeting,  were  selected  following  high 
standard  reviews,  by  members  of  the  Advisory  Committee,  from  approximately  300  extended 
abstracts  submitted  for  presentation  at  this  meeting. 

Volume  /  comprises  the  papers  to  be  presented  during  the  first  and  second  days  of  the 
Symposium,  namely  July  11th  and  12th,  while  Volume  11  includes  the  papers  of  the  following 
days,  Wednesday,  July  13th,  and  Thursday,  July  14th. 


We  would  like  to  take  this  opportunity  to  thank  those  who  assisted  us.  The  assistance 
provided  by  the  Advisory  Committee  is  highly  appreciated.  We  are  highly  indebted  for  the 
financial  support  provided  by  the  Sponsoring  Organizations  that  made  this  Symposium 
possible.  Many  thanks  are  also  due  to  the  secretariat  of  the  Symposium,  Gra?a  Pereira, 
Carlos  Carvalho,  Anabela  Almeida  and  Lufsa  Martins. 
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ABSTRACT 

Velocity  measurements  based  on  the  transport  of 
turbulence  induced  refractive  index  structures  are  investigated. 
Particle  scattering  is  assumed  to  be  negligible  The  scattering 
from  collective  structures  is  analyzed  with  a  phase  screen 
model.  A  system  based  on  reference  beam  detection  and 
combining  Doppler  and  time-of-flight  concepts  may  provide  the 
best  spatial  resolution  and  utilize  a  broad  band  region  of  the 
high  frequency  turbulence  for  light  scattering.  In  the  optical 
region  it  is  so  that  a  long  wavelength  is  preferable  and  reference 
beam  detection  is  necessary.  An  potential  hybrid  system  for 
plasma  diagnostics  is  presented.  It  is  shown  that  time  resolved 
measurements  may  be  possible. 

1  INTRODUCTION 

Laser  anemometry  based  on  particle  scattering  is  well 
established.  However,  in  certain  fluids  particles  cannot  be 
present  at  all,  or  the  concentration  is  very  low.  In  a  fusion 
plasma  there  are  no  large  scattering  particles,  in  high  speed 
wind  tunnels  the  concentration  of  particles  may  be  extremely 
low.  In  such  systems  it  may  be  possible  to  measure  transport 
properties  of  large  scale  fluctuations  on  the  basis  of  light 
scattering/diflraction  from  small  scale  structures  convected  by 
the  larger  scales. 

Light  scattering  from  collective  structures  has  been 
utilized  for  velocity  measurements  Radar  scattering  from 
refractive  index  fluctuations  in  the  atmosphere  have  been  used 
for  the  measurement  of  velocity  on  very  large  scales  Strauch 
(198S).  Simple  configurations  based  on  visible  light  have  been 
devised  for  measuring  cross  wind  velocities,  Clifford,  Ochs,  and 
Wang  (1975).  For  diagnostics  in  connection  with  plasma  fusion 
configurations  similar  to  the  original  reference  beam  laser 
Doppler  anemomenter  have  been  applied,  SI  usher  and  Surko 
(1978),  Truck  et  al  (1991)  The  method  has  recently  been 
applied  to  the  measurement  of  fluid  velocity  in  high  speed  wind 
tunnels,  Gr&illon  et  al  (1992) 


We  shall  briefly  discuss  scattering  from  refractive  index 
fluctuations.  The  essential  types  of  fluctuations  encountered  are 
identified  The  nonpropagating  types  of  fluctuations  may  be 
used  for  measuring  the  fluid  velocity. 

The  trade  oflfs  in  terms  of  optical  wavelength,  spatial 
resolution,  measurement  configuration,  and  turbulence 
parameters  are  discussed. 

The  reference  beam  LDA  has  so  far  been  the 
configuration  that  has  been  applied  Direct  detection  (as 
commonly  used  in  LDA  based  on  particle  scattering)  can  only 
be  applied  in  cases  with  very  strong  fluctuations  Surprisingly  it 
is  so  that  the  longer  the  optical  wavelength  is  the  better  is  the 
spatial  resolution.  However,  even  at  the  wavelength  of  the  CCh 
laser  (10.6  pm)  the  resolution  along  the  optical  axis  is 
inadequate.  We  are  here  proposing  a  system  that  combines  the 
time-of-flight  configuration  with  the  Doppler  system.  Such  a 
system  provides  for  a  significantly  better  spatial  resolution  and 
does  also  utilize  a  larger  part  of  the  spectral  content  of  the 
refractive  index  fluctuations 

Time  resolved  measurements  have  so  far  to  our 
knowledge  not  been  performed  with  this  type  of  scattering.  We 
are  briefly  outlining  the  considerations  on  which  the  feasibility 
of  time  resolved  measurements  can  be  decided  It  is  shown  that 
even  in  a  fusion  plasma  time  resolved  measurements  may  be 
possible. 

2  BASIC  CONCEPTS,  DEFINITIONS,  AND 
ASSUMPTIONS 

Light  scattering  in  fluids  may  be  classified  as  either 
inelastic  or  elastic.  Fluorescence  and  Raman  scattering  are 
examples  of  inelastic  scattering  These  tvpes  of  scattering  are 
well  suited  to  identify  the  chemical  composition  of  the  medium 
Fluorescence  may  also  be  applied  to  velocity  measurements  in 
high  speed  flows,  Hanson  (1994)  or  even  in  particle  LDA  The 
intrinsic  spectral  broadening  of  this  type  of  scattered  light  is  in 
general  so  large  that  only  supersonic  velocities  can  be 
accurately  measured. 
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1.1.1. 


Quasi-elastic  scattering  is  scattering  where  a  possible 
shift  in  frequency  only  is  caused  by  the  movement  (velocity)  of 
the  scatterer  and  noi  by  a  change  in  the  quantum-mechanical 
state  of  the  particle.  This  type  of  scattering  is  the  basis  for  laser 
anemometry  but  also  for  measuring  diffusion  and  molecular 
dynamics.  However,  incoherent  molecular  scattering  will  in 
general  give  a  spectral  broadening  proportional  to  the  thermal 
velocity  of  the  molecules.  In  most  flows  this  type  of  broadening 
is  much  larger  than  the  fluid  velocity  making  it  unsuited  for 
anemometry. 

Despite  the  large  thermal  velocity  of  molecules  collective 
light  scattering  may  provide  a  signal  with  a  spectral  width  much 
smaller  than  the  thermal  broadening.  Collective  scattering  is 
scattering  from  a  large  number  of  scatterer  that  in  some  way 
supports  a  large  scale  (large  compared  to  the  mean  free  path) 
scattering  structure.  A  sound  wave  may  be  an  example  of  such  a 
wave  structure.  It  is  necessary  that  the  spatial  scale  of  the 
structure  is  larger  than  the  mean  free  path. 

In  laser  anemometry  as  well  as  in  other  types  of 
measurements  based  on  quasi-elastic  scattering  the  light 
collection  and  detection  mode  may  be  either  coherent  or 
incoherent.  Let  us  assume  a  large  number  of  particles  in  the 
measuring  volume.  Coherent  detection  implies  that  the 
photocunent  is  proportional  to  the  squared  sum  of  the  fields 
from  the  particles,  i.e.  that 

•  (») 

We  note  that  the  photocunent  contains  a  sum  of  contributions 
from  the  individual  particles  plus  a  sum  of  cross-beat  terms. 
Coherent  detection  requires  that  the  phase  fronts  are  parallel 
over  the  detector  area  implying  a  small  collector  aperture. 
Incoherent  detection  implies  that 

(2) 
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In  this  case  the  collector  aperture  is  very  large  and  the  cross 
particle  contributions  vanish.  Incoherent  detection  is  in  general 
not  feasible  if  collective  scattering  is  to  be  applied. 

In  the  case  of  a  very  high  particle  concentration  it  may  be 
preferable  to  apply  a  continuum  model.  We  shall  do  that  and 
consider  the  random  fluctuations  of  the  refractive  index. 

We  summarize  this  section  by  the  following  definitions: 
Collective  light  scattering  is  scattering/diffraction  from  random 
fluctuations  of  the  refractive  index  of  a  medium  through  which 
light  is  propagating. 

Dynamic  light  scattering-.  Scattering  where  the  frequency  shift 
(or  broadening)  exclusively  is  caused  by  the  motion  of  the 
scattererfs). 

Applying  this  type  of  scattering  and  detection  we  may 
measure  transport  of  refractive  index  fluctuations,  which  may 
represent 

•  materials  transport, 

•  propagating  waves  or, 

•  convection  of  small  scale  turbulence  by  larger  scales. 

Applications  are  found  in  several  quite  different  areas, 
e.g.  velocimetry  (anemometry),  waves  in  bulk  media  and  on 
surfaces  (visco-elastic),  diffusion,  and  particle  sizing. 


3  A  CONTINUUM  MODEL  BASED  ON  PHASE 
SCREENS 

We  shall  here  outline  a  model  for  calculating  the 
photocurrent  and  its  correlation  function.  A  so-called  phase 
screen  model  is  applied  (originally  introduced  by  Lee  and  Harp 
(1969))  in  order  to  analyze  wave  propagation  through  random 
media;  the  phase  screen  model  is  also  used  in  the  analysis  of 
thick  holograms). 


FI  (lire  1.  Fourier  optical  model.  For  the  reference  beam  LDA  the 
transmitter  pattern  consists  of  two  parallel  beams  of  which  the  top  beam  is 
much  stronger  than  the  bottom  beam. 


3.1  The  Photocurrent 

The  analysis  is  based  on  a  Fourier  optical  model  as 
shown  in  Fig.  1 .  (Lading,  Mann,  and  Edwards).  The  field  in  the 
measuring  plane  is  given  by  the  Fourier  transform  of  the 
transmitted  field  pattern.  The  interaction  region  is  divided  into 
a  number  of  screens  perpendicular  to  the  optical  axis  (Fig.2). 
Screen  /  is  assigned  a  transmission  function  given  by 

tj=cxp{jk&zAnJ(x,y)}  =  exp {i'Mz}(l  +iArdn/x,j>))  (3) 
The  field  out  of  screen  j  is 

<4) 


where 


Figure  2.  Phase  screen. 
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Summing  the  contributions  from  ail  the  phase  screens 
letting  Jr  go  to  zero  and  the  number  of  screens  go  to  infinity 
yields  an  expression  for  the  total  field.  The  field  is  referred  to 
the  measuring  plane.  Convoluting  with  the  filter  function  h  and 
multiplying  with  the  pinhole  function  p  gives  the  field  on  the 
detector.  Squaring  and  integrating  over  the  detector  area  gives 
the  photocunent. 

The  photocurrent  contains  in  general  three  terms  (as  in 
normal  particle  laser  anemometry): 

1.  A  dc  current  with  no  information  about  the  dynamics  of  the 
measuring  object. 

2.  A  Tiomodyne’  term  caused  by  interference  between  purely 
scattered/diffracted  beams. 

3.  A  heterodyne'  term  caused  by  mixing  between 
scattered/diffiacted  light  and  reference  beam(s). 

The  first  term  is  unavoidable  since  the  photocurrent  cannot  be 
negative.  The  second  term  is  the  dominating  dynamic  part  of 
the  photocunent  in  most  laser  anemometry  systems  based  on 
particle  scattering  and  here  the  mixing  does  only  occur  between 
beams  scattered  by  the  same  particle.  Non-particle  laser 
anemometry  may  be  based  on  either  the  second  or  the  third 
term,  but  the  third  term  is  often  preferred  because  a  parametric 
amplification  of  the  signal  is  obtained  since  the  amplitude  of 
the  dynamic  part  of  the  photocunent  is  given  by  the  product  of 
the  scattered  field  and  the  reference  field.  This  may  be 
necessary  if  a  wavelength  is  applied  where  no  photomultipliers 
or  avalance  diodes  are  available  (e.g.  at  the  wavelength  of  the 
CO]  laser).  It  is  also  so  that  the  statistics  of  the  photocunent  is 
simpler  if  the  third  term  is  the  dominating  dynamic  component. 

3.2  The  Correlationfunction 

The  correlationfunction  is  evaluated  using  the  same 
procedure  as  in  Lading,  Mann,  and  Edwards  (1989).  For  the 
reference  beam  mode  (heterodyne)  we  get  that  the  correlation 
function  is 

«(r)oc  JS(q,r)|F(k)|Jdk,  (6) 

w-y  plMH 

where  5(q,i)  is  the  2D  spatial  Fourier  transform  of  the  2D 

space-time  correlation  for  the  phase  perturbations.  |F(k)f  is  an 
instrument  function  given  by  the  dynamic  part  of  the  field 
distribution  in  the  measuring  volume, 
where 


It  =  (kx  Jc,)  and  k,  =  lyd k. 
For  the  homodyne  mode  we  get 
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*(r)=  JS(q,0)|f/(k)|Jdk 
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/5(q,r)|C/(k)|Jdk 
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Note  that  in  Eq.  (7)  R(t)  is  given  directly  by  the  first  order 
space-tune  correlation,  whereas  in  Eq.  (8)  it  is  given  by  a  more 
complicated  expression  of  the  first-order  correlation. 

Now,  the  expressions  are  given  by  the  2D  correlation 
function  for  the  refractive  index  fluctuations,  but  the 
measurements  are  here  anticipated  to  be  performed  in  a  3D 
medium.  In  the  analysis  of  bean  propagation  through  turbulent 
media  it  is  customary  to  assume  5-correlation  along  the  optical 


axis  (i.e.  no  width  of  the  correlation  function  in  the  z-direction). 
This  may  be  legitimate  if  the  interaction  region  is  much  larger 
than  the  beam  diameters  and  the  spatial  wavelength  of  the 
turbulence  that  are  considered.  However,  this  is  not  the  case 
here,  Other  investigators,  Gresillon  (1992),  have  used  the  3D 
correlation.  However,  we  find  that  neither  is  in  general  correct. 
Being  short  of  a  rigorous  procedure  we  shall  do  the  following: 
phase  screens  with  a  spacing  smaller  than  the  selected 
wavenumber  are  added  coherently,  whereas  screens  with  a 
spacing  larger  than  the  selected  coherence  length  are  added 
incoherently. 

The  spectrum  of  the  refractive  index  fluctuations  (from 
which  the  spectrum  for  the  phase  perturbations  is  obtained)  will 
in  general  contain  two  terms:  ( 1 )  a  term  that  does  not  propagate 
relative  to  the  fluid  with  a  coherence  time  given  by  the  thermal 
difliisivity,  and  (2)  a  term  given  by  propagating  sound  waves  in 
general  with  a  very  small  damping. 


4  SPECIFIC  CONFIGURATIONS 

Let  us  investigate  specific  configurations  and  compare 
them  in  relation  to  spatial  resolution  and  signal  strength. 

4. 1  The  Reference  Beam  Doppler  Configuration 

The  principles  of  the  configuration  is  illustrated  in  Fig.  3. 
The  transmitter  is  essentially  as  for  a  homodyne  mode  LDA 
except  for  the  fact  that  one  of  the  transmitted  beams  is  much 
weaker  than  the  other.  The  detection  is  done  in  the  direction  of 
the  weakest  of  the  transmitted  beams.  The  dynamic  part  of  the 
signal  is  then  given  by  scattered  light  from  the  strong  beam  that 
is  heterodyned  with  directly  transmitted  light  of  the  weak  beam. 
(The  configuration  is  similar  to  the  very  first  Laser  Doppler 
Velocimeter).  The  few  practical  implementations  that  so  far 

have  appeared  are  all  using  a  COj  laser  (k  =  10.6  pm).  The 
fringe  spacing  has  to  be  selected  so  that  it  is  larger  than  the 
Kolmogorov  length  scale;  otherwise  the  system  will  not  be  able 
to  detect  any  (weak)  turbulence  induced  refractive  index 
fluctuations. 


FI  fur*  3.  Basic  scheme  of  a  reference  beam  Doppler  configuration  The 
actual  implementation  may  be  quite  different  Frequency  shift  is  generally 
applied  and  proper  spatial  mode  matching  should  also  be  ensured 


1.1.3. 


Let  the  fringe  spacing  be  A  and  the  optical  wavelength  A. 
The  angle  9  between  the  two  transmitted  beams  is  then  given 
by 

0=|sin-l(;i/yl).  (8) 

The  spatial  resolution  along  the  optical  axis,  ±  Az,  is 

Az  =  2r0-j,  (9) 

where  2  n  is  the  beam  diameter  in  the  measuring  plane.  We 
note  that  a  large  optical  wavelength  implies  a  good  spatial 
resolution! 

The  system  shown  in  Fig.  3.  is  sensitive  to  refractive 
index  fluctuations  in  a  spatial  region  with  a  spatial  center 

frequency  given  by  2x/A  and  a  relative  bandwidth  of  AJra. 

4.2  The  Time-of-flight  Configuration 

A  so-called  time-of-flight  configuration  (also  called  a 
two-spot  system)  has  been  applied  as  an  alternative  to  the  LDA 
in  some  cases  where  a  good  spatial  selectivity  along  the  optical 
axis  is  mandatory.  Since  it  is  a  major  problem  with  non  particle 
laser  anemometry  to  obtain  a  good  spatial  resolution  along  the 
optical  axis  it  could  be  worth  while  to  investigate  the  feasibility 
of  the  laser  time-of-flight  anemometer  (LTA).  The  principles  of 
an  LTA  for  nonparticle  laser  anemometry  could  be  envisaged  to 
be  as  illustrated  in  Fig.  4.  Scattered/di ffracted  light  from  the 
two  focal  regions  should  heterodyne  with  the  directly 
transmitted  light  on  the  detectors.  However,  for 
scattering/di  flraction  caused  by  a  weak  phase  object  this  will 
not  happen.  This  is  essentially  the  same  problem  as  the 
classical  phase  contrast  problem.  Unfortunately,  the  same 
remedy  cannot  be  applied  here  to  cure  the  problem. 


Figure  4.  An  envisaged  LTA  for  non-particle  User  manometry.  However 
due  to  the  fact  that  the  signal  caused  by  weak  phase  perturbations  is  in 
phase  quadrature  with  the  directly  transmitted  beams  the  system  camot 
operate  in  a  reference  beam  mode. 

Let  us  briefly  illustrate  the  problem:  the  transmission 
function  of  a  weak  phase  object  can  be  approximated  as  follows 

*<M*J,)*  1+W*,y)-  (10) 

The  problem  is  that  because  of  the  i  in  front  of  <p(x,  y)  the  signal 
is  in  phase  quadrature  with  the  reference.  The  phase  contrast 
principle  applied  in  microscopy  to  solve  this  problem  cannot  be 
applied  here  (Lading  1983).  Introducing  a  spatial  carrier 
frequency  by  tilting  the  reference  beam  will  work  -  but  then  it 
becomes  an  LDA. 

Away  from  the  fundamental  phase  quadrature  problem  it 
is  also  problematic  to  have  the  full  power  of  the  directly 
transmitted  beams  impinge  on  the  detectors;  they  may  be 
damaged  by  the  power. 


4.3  A  Hybrid  Configuration 

Let  us  summarize  the  features  of  the  LDA  and  the  LTA 
respectively.  This  is  done  in  the  table  1.  Each  of  the  two  spots 
of  the  LTA  have  a  diameter  equal  to  the  fringe  spacing  of  the 
LDA.  This  implies  that  the  spatial  bandwidth  of  the  LTA  is 
much  larger  than  the  bandwidth  of  the  LDA.  The  focal  depth  of 
a  focused  single  mode  beam  is 

At  =  2rrr0J  /  A  (11) 

giving  a  length  for  the  LTA  much  smaller  than  the  intersection 
region  of  the  two  intersecting  beams  of  an  LDA.  The  directional 
sensitivity  is  small  for  a  two  spot  system  because  a  structure 
contributing  to  the  signal  has  to  pass  both  beams.  Elliptic  spots 

may  enhance  the  acceptance  angle,  but  it  cannot  be  ±  180°  as 
for  an  LDA  with  frequency  shift. 


Table  1.  Comparing  an  LDA  with  an  LTA 


LDA 

LTA 

bandwidth 

small 

large 

spatial  resolution 

poor 

good 

directional  sensitivity 

small 

high 

reference  beam 

controllable 

fixed 

The  problem  with  the  LDA  in  the  present  context  is  that 
a  large  number  of  fringes  is  needed  in  order  to  allow  for  a  good 
frequency  estimate.  This  implies  a  spatial  resolution  that  is 
unacceptable  in  relation  to  many  applications.  Note  here  that 
the  fringe  spacing  has  to  be  larger  than  the  smallest  turbulence 
scale.  The  LTA  could  provide  an  order  of  magnitude  better 
spatial  resolution  and  it  would  utilize  a  larger  part  of  the 
turbulence  spectrum;  however,  under  most  conditions  it  is 
insensitive  to  the  type  of  disturbances  that  here  provides  the 
signal. 

In  order  to  obtain  some  of  the  advantages  of  the  two 
systems  we  propose  a  hybrid  configuration:  A  dual  LDA  system 
where  each  fringe  pattern  only  has  -  say  -  3-4  oscillations.  The 
velocity  is  not  determined  from  the  frequency,  but  from  the  time 
of  flight  between  the  two  fringe  patterns.  The  system  is 
illustrated  in  Fig.  5. 


Figure  5.  A  hybrid  LTA/LDA  configuration.  A  diffractive  element  (to  the 
left)  generates  four  beams.  A  second  element  refracts  and  focuses  these 
beams  into  two  spatially  separated  fringe  patterns,  each  with  only  a  few 
fringes.  The  beams  that  impinge  on  the  detectors  will  heterodyne  with  the 
scattered  light  from  the  two  ether  beams.  The  reference  beam  is  much 
weaker  than  the  beams  from  which  scattered  light  is  utilized. 


1.1.4. 


For  a  laser  anemometer  we  can  define  a  code  that  is  a 
function  that  defines  the  way  in  which  the  velocity  information 
is  encoded  into  the  system.  For  an  LDA  the  code  is  a  wave 
packet;  for  an  LTA  it  consists  of  two  displaced  peaks.  The  code 
of  the  hybrid  system  is  shown  in  Fig.  6.  It  consists  of  two 
displaced  wave  packets  each  with  only  a  few  oscillations. 


Fitare  6.  The  mlcnuty  distribulkxi  as  seen  by  the  detectors  of  a  hybrid 
User  anemometer  -  the  cod*  of  the  system. 

In  Fig.  7  is  shown  a  spatial  turbulence  spectrum  .  Also 
shown  are  the  ‘filters’  of  the  LDA  and  the  hybrid  system, 
respectively.  The  filters  select  the  spectral  regions  from  which 
refractive  index  perturbations  can  contribute  to  the  signal.  It  is 
seen  that  the  LDA  selects  a  much  narrower  region  than  the 
hybrid  system.  For  a  given  spatial  resolution  this  implies  that 
the  hybrid  will  give  a  much  stronger  signal.  However,  if  the 
purpose  of  a  given  investigation  is  to  investigate  the 
propagation  of  different  spatial  wavenumbers  a  narrow  spatial 
frequency  range  is  mandatory.  For  ‘frozen’  turbulence  a  large 
spectral  region  must  be  preferable. 


Flger*  7.  A  turbulence  spectrum  (lolid  line)  with  the  filter  functions  of  an 
LDA  (the  narrow  filter)  and  a  hybrid  LA,  respectively.  Notice  that  the 
hybrid  utilizes  a  much  larger  part  of  the  turbulence  spectrum.  (Log-log 

plot). 


In  discussing  the  spectral  regions  of  the  turbulence 
spectrum  we  must  remember  that  the  purpose  may  be  to  get 
information  about  the  turbulence  -  possibly  about  its  temporal 
evolution.  With  the  present  scheme  it  is  so  that  we  can  only 


‘track’  turbulence  in  a  spectral  region  below  that  which  gives 
rise  to  the  signal:  the  high  frequency  turbulence  serves  the  same 
purpose  as  particles  do  in  normal  laser  anemometry. 


5  TIME  RESOLVED  MEASUREMENTS 

The  signals  of  the  systems  considered  here  are  in  priciple 
continuous.  Thus,  time  resolved  measurements  are  potentially 
possible.  The  situation  is  similar  to  normal  laser  anemometers 
operating  with  many  particles  in  the  measuring  volume.  The 
statistics  of  especially  LDA  systems  have  been  investigated  in 
great  detail  over  the  years.  Some  of  the  results  are  adaptable  to 
the  systems  considered  here.  We  shall  use  the  results  of  Lading 
and  Edwards  (1993). 

In  the  type  of  systems  considered  here  there  are  two 
fundamental  stochastic  processes  that  may  limit  the 
performance:  the  photon  noise  and  the  random  process  of  the 
signal  itself.  In  addition  to  these  processes  other  types  of 
fluctuations  may  hamper  the  performance.  For  reference  beam 
systems  it  is  often  so  that  laser  noise  (caused  by  powersupply 
ripples,  mode  competition,  intermode  beats,  mechanical 
instability  .  .  .)  is  the  limiting  factor.  However,  we  shall  here 
assume  that  an  adequately  quite  laser  is  available. 

The  relative  measurement  uncertainties  can  be  expressed 
as  follows: 

fluctuations  of  the 

scattering/di  ffracting  object  relative  variance  *•  1/N 

itself; 

photon  noise  relative  variance  »  -> — 

(additive  here)  ( n 

The  relative  variance  is  the  variance  of  the  velocity  estimate 
normalized  by  the  square  of  the  true  velocity,  i.e.  var{v)  /  vJ .  N 
is  the  number  of  degrees  of  freedom  over  which  the  averaging 
takes  place,  defined  by  the  product  of  signal  bandwidth  times 
averaging  time  (assuming  that  the  averaging  time  is  larger  than 
the  reciprocal  signal  bandwidth),  n,  is  the  number  of  detected 
scattered  photons  within  the  coherence  time  of  the  signal  (- 
1/signal  bandwidht,  also  equal  to  the  transit  time  through  the 

illuminated  volume(s)).  at  is  the  reciprocal  number  of  fringes  in 
the  measuring  volume  (LDA),  or  the  ratio  between  beam  radius 
and  beam  spacing  (LTA). 

Now,  in  order  to  perform  time  resolved  measurements 
the  averaging  time  must  of  course  be  smaller  than  the  time 
scale  of  the  fluctuations  to  be  resolved.  In  order  to  get  the  best 
temporal  resolution  the  photon  noise  should  be  negligible 
relative  to  the  intrinsic  signal  fluctuations,  i.e. 

/(",)« 1.  (12) 


J" 


6  A  SPECIFIC  EXAMPLE  FOR  PLASMA 
TURBULENCE 

Turbulence  in  fusion  plasmas  is  of  major  concern 
because  it  has  an  essential  impact  on  the  confinement  and 
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stability  of  the  plasma.  It  also  represents  a  type  of  fluid  where 
no  particles  are  to  appear.  We  believe  that  some  of  the 
considerations  relevant  for  plasma  measurements  may  also  be 
relevant  for  measurements  in  other  types  of  fluids.  Going 
through  the  calculations  is  beyond  the  limitations  of  this 
presentation.  However,  we  shall  summarize  the  numbers  we 
arrived  at  in  table  2.  (An  overview  of  the  problems  is  given  by 
Callen,  Carreras,  and  Stambaugh  (1992)). 


Table  2.  Potential  parameters  for  a  plasma  diagnostic  set-up 


Relative  refractive  index  fluctuations  An/n 

10  s 

Fraction  of  refractive  index  fluctuations  utilised 

10'5 

Velocity 

104m/s 

OveraU  efficiency 

10% 

Laser  Power 

5  Watts 

#  photons/coherence  time  of  signal 

20 

focal  (intersection)  regions 

0.5  mm  *  30  mm 

wavelength  of  spatial  fitter 

0.25  mm 

spacing  between  focal  regions 

30  mm 

transmftter/rsceiver  spacing 

3m 

transmitter  aperture 

300  mm 

receiver  aperture 

2x100  mm 

laser  power 

2  W 

Since  x<l  and  the  number  of  estimated  scattered  photons 
within  the  coherence  time  of  the  signal  is  larger  than  unity,  time 
resolved  measurements  appear  feasible  (Eq.  12). 
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7  CONCLUSION 

Principles  of  non-particle  laser  ancmometry  have  been 
discussed.  A  novel  hybrid  laser  anemometer  configuration  is 
identified  in  order  to  enhance  the  spatial  resolution  and 
overcome  the  phase  detection  problem.  A  potential  application 
to  diagnostics  in  a  fusion  plasma  is  discussed  and  it  is  shown 
that  time  resolved  measurements  may  be  possible. 

It  should  be  mentioned  that  a  number  of  important 
problems  to  non-particle  laser  ancmometry  have  either  only 
been  mentioned  briefly  or  not  mentioned  at  all.  Most  important 
is  the  problem  of  separating  propagating  and  non-propagating 
refractive  index  fluctuations. 
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Abstract 

GLMT  (generalized  Lorenz-Mie  theory)  and  its 
applications  to  the  design  of  phase-Doppler  in¬ 
struments  are  discussed.  A  particular  emphasis 
is  stressed  on  Gaussian  beam  errors  (trajectory 
ambiguity  effects)  and  their  elimination.  Very 
recent  concepts,  even  if  not  yet  fully  developed 
and/or  implemented,  are  discussed  too. 

1  Introduction 

A  basic  rule  of  science  is  to  permanently  take  care 
of  the  necessary  dialogue  between  theory  and  ex¬ 
periments.  As  a  special  case,  this  rule  must  ob¬ 
viously  be  satisfied  in  the  field  of  opticle  parti¬ 
cle  sizing  (and  characterization).  However,  most 
of  the  modern  intruments  used  in  this  field  rely 
on  the  interaction  between  laser  beams  (Gaussian 
beams,  laser  sheets,  top-hat  beams,  to  name  a 
few)  and  particles  (such  as  spheres  or  cylinders). 
Until  recently,  the  required  dialogue  was  there¬ 
fore  essentially  forbidden  by  the  fact  that  avail¬ 
able  theories  assumed  that  the  illumination  beam 
was  a  plane  wave,  for  instance  in  LMT  (Lorenz- 
Mie  theory)  describing  the  interaction  between  a 
plane  wave  and  a  sphere.  In  the  eighties  nev- 
erteless,  LMT  has  been  generalized  to  GLMT  de¬ 
scribing  the  interaction  between  an  arbitrary  illu¬ 
minating  beam  and  a  sphere.  Thanks  to  GLMT, 
the  required  dialogue  between  theory  and  exper¬ 
iments  has  been  restored.  The  aim  of  this  paper 
is  to  review  applications  of  GLMT  to  the  analysis 
of  phase-Doppler  instruments,  and  in  particular 


to  the  study  of  Gaussian  beam  defects  and  their 
elimination.  Some  connected  topics  will  also  be 
considered,  such  as  the  study  of  laser  sheets  or 
the  development  of  the  theory  of  interaction  be¬ 
tween  an  arbitrary  incident  beam  and  an  infinite 
cylinder. 

Even  if  GLMT  is  now  essentially  completed, 
many  avenues  remain  to  be  explored.  An  increas¬ 
ing  number  of  researchers  is  now  following  these 
avenues  on  a  fundamental  point  of  view.  A  still 
larger  number  of  researchers  is  working  on  the  ap¬ 
plications  of  GLMT  to  concrete  problems.  In  this 
paper,  we  shall  try,  beside  the  main  objective  pre¬ 
sented  by  the  title,  to  inform  the  reader  about  the 
more  recent  news.  This  would  be  impossible  if  we 
decided  to  go  into  details.  Therefore,  it  has  been 
decided  that  this  paper  would  be  written  essen¬ 
tially  in  a  qualitative  way,  dismissing  in  particular 
any  mathematical  expression  (and  figures).  But, 
on  the  other  hand,  the  reader  is  directed  on  the 
literature  from  which  he  could  accede,  hopefully, 
to  any  desired  information.  In  other  words,  this 
paper  is  a  guide  to  a  sightseeing  tour,  not  the  tour 
by  itself. 

The  paper  is  organized  as  follows.  Section  II 
is  devoted  to  the  GLMT  itself.  Section  III  is 
devoted  to  phase-Doppler  instruments,  Gaussian 
beam  effects  and  their  elimination.  Section  IV  is 
devoted  to  connected  topics  and  contain  possibly 
some  prospective  ideas,  trying  to  somehow  fore¬ 
cast  what  we  could  expect  from  the  near  future. 
Section  V  is  a  conclusion. 
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2  Generalized  Lorenz-Mie  the¬ 
ory 

GLMT  describes  the  interaction  between  an  ar¬ 
bitrary  incident  beam  and  a  sphere,  using  par¬ 
tial  wave  expansions.  The  first  archival  paper  is 
Ref  (1)  although  the  existence  of  this  theory  and 
some  early  results  may  be  found  in  Ref  (2).  The 
development  of  the  theory  took  about  ten  years, 
and  may  essentially  be  considered  as  completed 
after  Refs  (3,4).  A  rather  recent  exhaustive  re¬ 
view  of  GLMT  and  applications  is  available  from 
Ref  (5). 

A  major  issue  to  which  much  effort  is  still  de¬ 
voted  is  the  speeding-up  of  numerical  computa¬ 
tions.  For  a  long  time,  the  most  difficult  task  from 
this  point  of  view  has  been  the  numerical  evalua¬ 
tion  of  beam  shape  coefficients  which  may  be  con¬ 
sidered  as  generalized  Fourier  coefficients  express¬ 
ing  the  partial  wave  expansions  of  the  incident 
beam.  A  breakthrough  has  been  the  introduc¬ 
tion  of  the  so-called  localized  approximation  in 
Ref  (6),  for  the  so-called  beam  waist  center  case, 
generalized  in  Ref(7)  to  the  case  of  an  arbitrary 
location  of  the  particle,  i.e.for  the  so-called  off- 
axis  case.  An  efficient  algorithm  to  evaluate  the 
beam  shape  coefficients  in  the  framework  of  the 
localized  approximation  is  discussed  in  Ref  (8). 

Although  the  accuracy  of  the  localized  approx¬ 
imation  was  very  good  (typically  one  part  per 
10s),  a  drawback  has  been  a  lack  of  rigorous 
mathematical  justification.  A  first  step  toward 
such  a  justification  has  been  achieved  by  Lock 
in  the  on-axis  case  by  using  a  stationary  phase 
method  (Ref  9).  Unfortunately,  the  same  method 
could  not  be  extended  to  the  general  so-called  off- 
axis  case,  even  leading  there  to  conflicting  results, 
likely  meaning  that  the  success  of  the  proof  was 
in  part  incidental.  By  using  another  technique 
relying  on  Taylor  expansions,  a  final  proof  of  the 
validity  of  the  localized  approximation  has  after¬ 
ward  been  obtained  for  both  the  on-axis  and  the 
off-axis  cases  (Refs  10,11),  with,  as  a  by-product, 
a  very  refined  understanding  of  the  nature  of  laser 
beams  (Ref  12).  The  use  of  the  localized  approx¬ 
imation  to  handle  GLMT  allows  fast  and  system¬ 
atic  study  of  phase-Doppler  instruments,  with  a 
reasonable  amount  of  CPU  time.  Furthermore, 


algorithm  improvements  are  likely  not  exhausted. 
Let  us  for  instance  mention  Ref  (13)  which  im¬ 
plements  a  substantial  amount  of  such  improve¬ 
ments,  in  particular  within  the  framework  of  the 
localized  approximation.  A  pertinent  example  is 
given  in  which  the  Gaussian  beam  program  runs 
about  70  times  slower  than  the  corresponding 
plane  wave  program.  It  may  be  forecasted  that 
the  combination  of  further  improvements  in  soft¬ 
ware,  and  hardware,  should  make  the  difference 
between  GLMT  and  LMT  computational  times 
fairly  unessential  within  a  few  years.  The  same 
might  become  true  if  we  compare  GLMT  and  ge¬ 
ometrical  optics,  with  the  advantage  that  GLMT 
is  a  rigorous  theory. 

3  Gaussian  beam  defects  in 
phase-Doppler  instruments 

3.1  Generalities. 

Phase-Doppler  anemometry  (PDA),  an  extension 
of  laser  Doppler  velocimetry  (LDV),  is  nowadays 
the  most  popular  technique  for  simultaneously 
measuring  the  size  and  the  velocity  of  individual 
particles.  Examples  of  pioneering  and  significant 
papers  are  Refs  (14)-(17),  among  many  others. 
The  principle  of  the  technique  may  possibly  be 
summarized  as  follows.  Let  us  consider  two  in¬ 
terfering  laser  beams  B1  and  B2,  and  a  spherical 
particle  crossing  the  fringe  control  volume.  At 
a  point  P  in  space,  waves  Wl  and  W2  scattered 
by  the  particle  from  the  incident  beams  Bl  and 
B2  respectively,  interfere  together.  The  resulting 
wave  at  point  P  is  obtained  by  summing  the  am¬ 
plitudes  of  the  waves  Wl  and  W2.  After  evalu¬ 
ating  intensities  and  integrating  on  the  surface  of 
a  detector  D,  one  finds  that  the  detected  signal 
is  characterized  by  a  phase  P.  Let  us  now  con¬ 
sider  two  detectors  D1  and  D2  leading  to  phases 
Pi  and  P2,  respectively.  Then,  under  some  ideal 
circumstances,  including  the  plane  wave  charac¬ 
ter  of  the  incident  beams,  it  has  been  predicted 
that  the  phase  difference  (P1-P2)  is  related  to  the 
particle  diameter  through  a  linear  relationship. 

The  physical  process  aforementioned  is  amena¬ 
ble  to  a  full  theoretical  simulation  when  a  light 
scattering  theory  is  used.  Such  scattering  theo- 
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ries  may  be  LMT,  geometrical  optics,  or  GLMT. 
LMT  is  a  rigorous  theory  but,  being  limited  to 
the  plane  wave  case,  it  cannot  predict  the  in¬ 
fluence  of  the  Gaussian  character  of  the  incident 
beams.  This  Gaussian  character  may  be  imple¬ 
mented  in  geometrical  optics.  But  geometrical 
optics  is  not  a  rigorous  theory  with  the  conse¬ 
quence  that  the  induced  loss  of  accuracy  may 
possibly  be  dramatic  in  some  cases,  although,  in 
other  cases,  it  can  be  quite  insignificant.  Finally, 
GLMT  is  a  rigorous  theory  which  correctly  in¬ 
corporates  the  Gaussian  character  of  the  incident 
beams.  The  price  to  pay  is  more  extensive  com¬ 
putational  times  but,  as  discussed  previously,  this 
drawback  is  likely  to  be  somewhat  provisional. 
Geometrical  optics  and  LMT  have  been  applied 
to  phase-Doppler  instruments  in  earlier  stages. 
The  first  applications  of  GLMT  to  PDA  dates 
back  to  1990  (18). 

3.2  Gaussian  beam  defects 

In  many  cases,  the  size  of  the  scatter  centers  is  not 
small  enough  with  respect  to  the  beam  size,  i.e. 
the  incident  beams  cannot  be  safely  considered  as 
being  plane  waves.  Then  departures  from  the  lin¬ 
ear  phase/diameter  relationship  may  be  observed, 
possibly  leading  to  considerable  errors  in  diame¬ 
ter  measurements.  Nowadays  this  phenomenon  is 
referred  to  as  a  trajectory  ambiguity  effect  (TAE) 
or,  to  better  stress  the  origin  of  the  problem,  as 
a  Gaussian  beam  defect  (GBD). 

TAE  has  been  theoretically  predicted  by 
Bachalo  and  Sankar  by  using  geometrical  optics 
(19),  and  then  confirmed  by  using  GLMT  (20).  A 
simple  qualitative  explanation  may  be  provided 
in  terms  of  the  competition  between  refracted 
and  reflected  rays  induced  by  the  Gaussian  profile 
(5).  Following  these  preliminary  observations,  a 
considerable  systematic  effort  has  been  devoted 
to  the  analysis  of  TAE  and  to  their  elimination 
as  testified  by  Refs  (21 )-( 32 ).  Remedies  are  dis¬ 
cussed  in  the  next  sub-section. 

3.3  Elimination  of  Gaussian  beam  de¬ 
fects 

A  rather  exhaustive  list  of  remedies  to  Gaussian 
beam  defects  is  given  below.  Details  may  be 


found  in  Refs  (21)-(32).  Basically,  remedies  may¬ 
be  splitted  in  two  individual  classes,  one  corre¬ 
sponding  to  the  optimization  of  the  optical  de¬ 
sign,  and  the  second  to  the  refinement  of  the  data 
processing.  Of  course,  there  exists  also  an  hybrid 
class  in  which  both  optical  design  optimization 
and  signal  processing  refinement  may  cooperate. 

(i) It  is  possible  to  manipulate  the  incident 
beam  polarizations  in  order  to  modify  the  balance 
between  reflected  and  refracted  contributions  as 
suggested  by  Saffman  et  al  (33,34).  This  strategy 
relies  on  the  basic  idea  that  interferences  between 
reflected  and  refracted  components  spoil  the  de¬ 
sired  linear  relationship  between  phases  and  di¬ 
ameters.  This  concept  has  been  investigated  by 
using  GLMT  (25).  The  conclusion  is  that  do¬ 
ing  so  it  is  possible  to  improve  the  quality  of  the 
measurements  but  not  necessarily  in  an  effective 
enough  way. 

(ii) It  has  been  suggested  to  use  a  discrimina¬ 
tion  criterion  relying  on  the  measurement  of  two 
phase  differences,  P12  from  detectors  D1  and  D2, 
and  P13  from  detectors  Dl  and  D3.  Then  the 
discrimination  to  retain  or  reject  measurements 
is  based  on  the  value  of  the  ratio  P12/P13.  A 
GLMT-analysis  of  this  concept  is  for  instance 
given  in  Refs  (22,25).  Again,  improvements  are 
observed  but  not  effective  enough. 

(iii) Let  P  be  the  plane  defined  by  the  incident 
laser  beams.  The  analysis  of  Gaussian  beam  de¬ 
fects  then  demonstrates  that  good  measurements 
are  obtained  when  the  detectors  and  the  parti¬ 
cle  are  on  the  same  side  with  respect  to  P.  Con¬ 
versely,  departures  from  the  ideal  relationship 
arise  when  the  detectors  and  the  particle  are  lo¬ 
cated  on  opposite  sides.  Then,  we  may  use  an 
optical  design  in  which  two  detector  assemblies 
are  used,  symmetrically  located  with  respect  to 
P.  The  use  of  two  symmetric  assemblies  ensures 
that  there  will  always  be  one  assembly  for  which 
relationships  are  satisfactory.  Furthermore,  the 
comparison  between  the  two  responses  allows  one 
to  determine  which  response  is  correct.  This  tech¬ 
nique  is  effective,  although  it  increases  the  com¬ 
plexity  of  the  instrument.  Details  are  available 
from  Refs  (21,25,27). 

(iv) Among  many  possibilities,  Doppler  signals 
may  be  analysed  by  using  a  discrete  Fast  Fourier 
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Transform  (DFFT).  leading  to  the  evaluation  of 
the  Doppler  frequency,  i.e.  to  the  measurement 
of  one  velocity  component  of  the  scatter  center. 
In  the  phase-Doppler  technique,  one  may  rely 
on  the  use  of  an  extended  version  generating  a 
cross-spectral  density  (CSD)  function,  allowing 
the  evaluation  of  the  frequencies  from  detectors 
D1  and  D2  and  of  the  phase  difference  between 
both  signals  (35).  Because  CSD  does  not  anal¬ 
yse  phase  evolution  in  the  case  of  Gaussian  beam 
defects,  it  may  lead  to  significant  errors  in  diame¬ 
ter  measurements  by  averaging  phase  differences 
along  the  duration  of  the  signals.  Therefore,  the 
use  of  a  wavelet  transform  which  has  temporal 
localization  properties  may  allow  the  detection  of 
phase  evolution  in  a  signal,  and  therefore  pro¬ 
vide  a  discrimination  procedure  (36,5).  It  must 
be  however  noted  that  a  systematic  investigation 
of  this  concept  has  not  yet  been  carried  out. 

(v)In  the  standard  design,  the  detectors  are  lo¬ 
cated  outside  of  the  plane  defined  by  the  inci¬ 
dent  laser  beams,  and  particles  pass  through  the 
control  volume,  essentially  perpendicularly  to  the 
non  moving  fringes.  As  discussed  above,  such  a 
design  is  subject  to  Gaussian  beam  defects.  This 
is  due  to  the  fact  that  trajectories  are  parallel  to 
isophase  lines.  Therefore,  the  phase  is  constant 
but  depends  on  the  particle  location. 

In  the  so-called  planar  system,  conversely,  the 
detectors  are  located  in  the  same  plane  than  the 
incident  beams.  In  this  case,  the  particles  cross 
the  isophase  lines.  Therefore,  there  is  a  phase 
evolution  along  the  burst  but,  limiting  data  pro¬ 
cessing  to  the  part  of  the  signal  around  the  max¬ 
imum,  it  is  possible  to  show  that  the  measured 
phase  corresponds  to  the  plane  wave  case  predic¬ 
tions  (26,28,32).  In  this  case,  TAE  elimination 
is  obtained  by  an  appropriate  modification  of  the 
optical  design  with  respect  to  the  standard  sys¬ 
tem.  A  similar  effect  may  also  be  obtained  by 
an  appropriate  design  of  a  two-colour  PDA  stan¬ 
dard  system  (37),  leading  to  a  design  which  may 
be  called  the  modified  standard  system.  It  is  also 
possible  to  use  a  two-colour  dual- mode  system, 
combining  a  planar  system  based  on  one  colour 
and  a  modified  standard  system  based  on  another 
colour  (38).  An  advantage  of  this  dual-mode  tech¬ 
nique  is  that  it  allows  a  measurement  of  the  par¬ 


ticle  refractive  index,  of  sufficient  quality  for  ma¬ 
terial  recognition.  Furthermore,  each  colour  com¬ 
ponent  of  the  system  determines  a  diameter,  i.e. 
actually  a  curvature  radius,  therefore  leading  pos¬ 
sibly  to  non  sphericity  identification. 

All  the  above  techniques  based  on  modifica¬ 
tions  of  the  optical  design  and/or  on  data  pro¬ 
cessing  refinements  are  devoted  to  the  elimina¬ 
tion  of  TAE  considered  as  defects.  On  the  other 
hand,  TAE  also  contain  relevant  information  and, 
therefore,  instead  of  working  towards  their  elim¬ 
ination,  it  might  be  very  advisable  to  recover,  if 
possible  ,  the  information  that  they  contain.  This 
different  attitude  leads  to  the  so-called  dual-burst 
system. 

3.4  Taking  advantage  of  TAE 

In  the  dual-burst  system,  the  control  volume  is 
choosen  very  small,  therefore  enhancing  TAE  to 
better  take  advantage  of  the  information  that 
they  carry.  Apart  of  that,  the  optical  design  may 
be  either  a  planar  system  or  a  modified  stan¬ 
dard  system,  but  data  processing  is  carried  out 
by  recording  the  phase  evolution  along  the  dura¬ 
tion  of  the  signal.  Then,  the  theoretical  analysis, 
confirmed  by  experiments,  shows  that  one  part  of 
the  signal  is  free  of  TAE  while  another  part,  easily 
identified,  contains  extra  information  associated 
with  TAE.  Therefore,  we  may  measure  velocities 
and  diameters  by  analyzing  the  TAE  free  part  of 
the  signal.  The  other  part,  conversely,  is  shown 
to  contain  information  on  refractive  indices.  Also, 
non  sphericity,  as  well  as  inhomogeneity,  informa¬ 
tion  could  possibly  be  recovered  (29). 

4  Connected  topics 

We  end  this  paper  by  briefly  mentioning  a  few 
connected  topics  relevant  to  particle  characteri¬ 
zation. 

4.1  Laser  sheets 

Although  phase-Doppler  instruments  rely  on  the 
use  of  Gaussian  beams,  there  may  be  advantages 
in  using  laser  sheets.  Laser  sheets  may  be  ob¬ 
tained  by  transforming  Gaussian  beams  with  the 
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aid  of  a  cylindrical  lens.  Laser  sheets  are  for 
instance  used  in  particle  image  velocimetry,  for 
polarization  ratio  measurements  ,  for  measuring 
wall  shear  stress  in  a  turbulent  boundary  layer  , 
for  particle  sizing,  or  for  studying  droplet  distri¬ 
bution  effects  on  planar  laser  imaging  of  sprays 
(39-45).  Therefore,  GLMT  has  been  specified  to 
the  case  of  laser  sheets  and  used  to  investigate 
some  optical  characterization  problems  (46-53). 
The  use  of  laser  sheets  in  phase- Doppler  instru¬ 
ments  might  be  an  interesting  prospect. 

4.2  Stratified  spheres 

In  the  previous  subsection,  GLMT  has  been  spec¬ 
ified  to  the  case  of  laser  sheets.  It  does  not  change 
the  GLMT  framework  which  is  insensitive  to  the 
nature  of  the  incident  beam  (GLMT  is  an  arbi¬ 
trary  beam  theory).  Considering  a  new  kind  of 
beam  however  requires  some  extra-work  associ¬ 
ated  with  the  knowledge  of  the  electromagnetic 
description  of  the  beam,  to  be  used  as  an  input 
in  GLMT.  Instead  of  changing  the  nature  of  the 
beam,  we  may  consider  other  cases  than  the  clas¬ 
sical  homogeneous  sphere  assumed  in  LMT  and 
GLMT.  Then,  for  each  of  these  other  cases,  a  new 
theory  must  be  built. 

The  simplest  case  is  the  stratified  sphere  which 
preserves  the  spherical  symmetry  enjoyed  by 
GLMT.  The  theory  of  interaction  between  an  ar¬ 
bitrary  incident  beam  and  a  stratified  sphere  has 
indeed  been  recently  completed  (54).  Relying  on 
the  plane  wave  case,  we  may  forecast  many  appli¬ 
cations  of  this  theory  to  optical  characterization, 
in  particular  in  combusting  systems  which  induce 
temperature  gradients  inside  droplets  (see  for  in¬ 
stance  55).  The  development  of  phase-Doppler 
instruments  to  the  study  of  stratified  spheres 
might  then  be  another  interesting  prospect. 

4.3  Cylinders 

Many  particles  are  not  spheres  nor  even  stratified 
spheres.  It  is  therefore  somewhat  of  an  unpleas¬ 
ant  state  of  affair  that  most  of  our  experimen¬ 
tal  techniques  have  to  assume  that  we  deal  with 
spherical  particles,  even  if  they  are  not.  This  at¬ 
titude  may  lead  to  the  so-called  spherical  chicken 


syndrome  as  defined  by  B.H.Kaye  (56),i.e.  to  mis¬ 
leading  measurements  and  physical  models.  A 
possible  way  to  escape  of  this  problem  is  to  de¬ 
velop  the  phase-Doppler  instruments  in  such  a 
way  that  they  could  provide  non  sphericity  in¬ 
formation  as  previously  discussed.  Another  way 
is  to  develop  other  instruments  less  sensitive  to 
non  sphericity.  There,  a  good  candidate  is  the 
so-called  top-hat  beam  technique  which  allowed 
rather  successful  measurements  on  irregular  par¬ 
ticles,  such  as  sand  particles  (57-60,20,12,  and  ref¬ 
erences  therein).  Other  techniques  are  the  Visible 
Infra-red  Double  Extinction  (VIDE)  technique  to 
investigate  the  case  of  large  optical  thicknesses, 
or  quasi-elastic  light  scattering  spectroscopy  de¬ 
voted  to  ensemble  measurements  on  submicronic 
particles  (61,62,  and  references  therein). 

Another  approach  is  to  start  a  systematic  study 
of  well  defined  shapes.  After  spheres,  and  strat¬ 
ified  spheres,  the  best  candidate  to  investigate 
seems  to  be  the  infinite  cylinder.  Many  poten¬ 
tial  applications  can  be  expected.  Examples  are 
the  control  of  the  production  of  glass  wool  for 
thermal  isolation,  of  optical  fibers  for  data  trans¬ 
mission,  or  the  study  of  pulverization  processes 
when  droplets  are  produced  by  instabilities  act¬ 
ing  on  an  initial  liquid  jet.  Another  promising 
remark  is  that  many  particles,  even  if  they  are 
not  infinite  cylinders,  may  locally  look  like  an  in¬ 
finite  cylinder  when  they  are  illuminated  by  fo¬ 
cused  beams.  Therefore,  this  special  case  of  a 
regular  particle  might  also  help  to  study  a  class 
of  irregular  particles,  including  sinuous  fibers. 

Concerning  phase-Doppler  instruments,  it  ap¬ 
pears  pretty  sure  that  the  extension  of  this  tech¬ 
nique  from  spheres  to  cylinders  should  lead  to 
significant  results.  On  the  theoretical  side,  let  us 
mention  that  the  theory  of  interaction  between 
an  arbitrary  incident  beam  and  an  infinite  cylin¬ 
der  is  under  construction.  However,  the  problem 
appears  much  more  complicated  than  expected 
as  testified  by  Refs  (63-65).  In  particular,  the 
basic  so-called  separability  theorem  used  in  de¬ 
signing  both  LMT  and  GLMT  looks  like  failing 
for  the  cylinder  problem.  A  pure  mathematical 
work  concerning  this  theorem  is  therefore  likely 
to  be  compulsory,  such  as  discussed  in  Ref  (66). 
The  construction  of  the  GLMT  basically  required 
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one  decade.  It  is  hoped  that  the  completion  of 
the  cylinder  problem  will  be  less  time  demand¬ 
ing.  In  any  case,  we  may  forecast  future  inter¬ 
esting  developments  in  this  topic,  both  from  an 
experimental  and  a  theoretical  point  of  view. 

5  Conclusion 

One  of  the  major  recent  news  concerning  phase- 
Doppler  anemometry  has  been  the  uncovering 
of  the  existence  of  trajectory  ambiguity  effects 
(Gaussian  beam  defects)  which  may  lead  to  dra¬ 
matic  measurement  errors  if  the  optical  design 
and  the  data  processing  are  not  set  up  in  an  ap¬ 
propriate  way.  These  effects,  first  revealed  by  the¬ 
oretical  investigations,  have  been  experimentally 
confirmed.  At  first  sight,  this  is  bad  news.  In 
particular,  it  is  quite  possible  that  some  data  dis¬ 
played  in  the  literature  are  erroneous  due  to  the 
lack  of  knowledge  on  these  effects. 

A  strong  and  systematic  effort  has  therefore 
been  devoted  to  the  analysis  of  these  effects,  and 
to  their  elimination.  Several  new  optical  de¬ 
signs,  possibly  associated  with  refined  data  pro¬ 
cessing,  actually  allow  one  to  cure  them.  May 
be  more  interesting,  TAE,  first  considered  as  a 
nuisance,  may  also  be  considered  as  a  chance  be¬ 
cause  they  carry  extra  information  that  we  may 
recover,  therefore  opening  new  possibilities. 

Finally,  related  topics  have  been  considered, 
namely  the  specification  of  GLMT  to  the  case 
of  laser  sheets, its  generalization  to  the  case  of 
stratified  spheres,  and  the  challenging  problem  of 
interaction  between  arbitrary  shaped  beams  and 
infinite  cylinders. 
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1  INTRODUCTION 

1.1  The  Flow  Considered 

There  is  now  an  extensive  body  of  literature  which 
documents  that  the  turbulent  fluxes  of  beat  and  momentum  in 
premixed  flames  may  frequently  arise  in  the  counter-gradient 
direction  (e.g.  Heitor  et  al„  1987;  Ferric  &  Heitor,  1993). 
The  observation  has  consequences  for  both  the  interpretation 
of  reaction  rates,  stability  limits  and  also  for  the 
mathematical  modelling  of  these  fluxes  in  the  context  of, 
say,  CFD  predictions  of  such  flames.  The  origin  of  the 
phenomenon  is  the  interaction  between  mean  pressure 
gradients,  arising  in  the  flow  due  either  to  mean  streamline 
curvature  or  because  of  acceleration  of  gases  across  the  flame 
front,  and  the  density  of  hot  packets  of  fluid  which  become 
preferentially  accelerated  relative  to  cold  ones  (e.g.  Bray  & 
Libby,  1991).  The  phenomenon  is  particularly  stark  in 
premixed  flames  because,  in  most  technical  applications,  the 
temperature  of  the  gases  is  sharply  bimodal  with  a  cold  entry 
at  the  temperature  of  the  reactants  and  a  hot  one 
corresponding  to  the  products.  The  phenomenon  also  arises 
in  non-premixed  flames  and  has  been  found  by  Takagi  et  al. 
(1984)  in  confined,  swirling  non-premixed  flames,  where  the 
swirl  imparted  to  the  combustion  air  provides  a  strong  radial 
mean  pressure  gradient  which  acts  on  the  flame  sheet  at 
which  mixing  between  the  cold  reactants  and  the  hot  products 
occurs. 

1.2  The  current  contribution 

The  configuration  of  a  swirling  annulus  of 
combustion  air  surrounding  a  coaxial  stream  of  fuel  arises  in 
many  technical  contexts,  such  as  the  combustion  chambers 
of  gas  turbines  and  the  burners  in  utility  boilers.  Further 
investigation  of  the  magnitude  and  occurrence  of  counter- 
gradient  diffusion  in  non-premixed  flames  is  warranted  and 
the  purpose  of  this  paper  is  to  demonstrate  the  existence  of 
counter-gradient  diffusion  of  heat  flux  in  a  swirling  non- 
premixed  burner,  fitted  with  a  diffuser,  fired  by  natural  gas. 
The  distinguishing  feature  from  the  investigation  of  Takagi 
et  al.  (1984)  is  that,  here,  apart  from  the  presence  of  the 
diffuser  and  the  subsequent  unconfined  flame,  the  swirl 
number  of  the  combustion  air  was  sufficiently  large  to 
generate  a  large  internal  recirculation  zone. 


2  EXPERIMENTAL  METHOD 

2.1  Experimental  Configuration 

The  burner  geometry  is  shown  in  figure  1:  the  burner 
geometry  is  identical  to  that  used  by  Milosavljevic  et  al. 
(1990)  and  its  description  will  not  be  repeated  here,  except  to 
remark  that  the  swirl  number  (defined  using  the  ratios  of  the 
axial  fluxes  of  angular  and  axial  momentum)  was 
continuously  variable  from  zero  to  a  value  beyond  unity.  The 
burner  was  operated  at  an  air  flow  rate  of  900  1/m  in,  resulting 
in  a  high  cold-flow  Reynolds  number,  and  at  a  gas  flow  rate 
corresponding  to  an  equivalence  ratio  of  0.8S. 

2.2  Instrumentation 

The  turbulent  heat  flux  was  measured  by  means  of  a 
digitally  compensated  thermocouple  and  a  single  channel 
laser  Doppler  anemometer,  as  shown  schematically  in  figure 
2.  The  basic  features  of  compensation  have  been  described 
by  Heitor  (1983)  and  recent  analysis  for  non-premixed 
flsunes  has  been  provided  by  Mastorakos  (1993) 


3  RESULTS 

The  complete  paper  will  present  radial  profiles  of:  the 
three  components  of  the  mean  and  rms  values  of  the  axial, 
radial  and  azimuthal  (swirl)  velocities,  of  the  corresponding 
values  of  the  shear  stress  uv  ,  of  the  mean  and  rms 

temperature  and  of  the  heat  fluxes,  ut  and  vt  as  a  function 

of  axial  location  downstream  of  the  exit  of  the  quarl  up  to  1.5 
diffuser  exit  diameters.  Figure  3  presents  a  sample  of  the 
radial  profiles  of  mean  temperature  and  of  radial  heat  flux 
which  shows  the  presence  of  counter-gradient  turbulent 
transport. 

To  know  in  detail  the  quantitative  contributions  of 
each  fluid  motion  classified  in  the  (v,  t)  plane  to  the  turbulent 
beat  flux  vt  ,  we  use  the  weighted  pdf  of  vt,  W$,f  fWj. 
defined  by  (Nagano  &  Tagawa.  1988) 

Wv,t(W=  J*  r  m.fx/r 
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where  .'.  denotes  normalisation  by  the  tins  value  of 
the  variable  and  P(v,  t)  represents  the  joint  probability 
distribution  function  of  fluctuations  of  radial  velocity  and 
temperature.  The  results  of  PfC,  t)  are  shown  in  figure  4(a)  and 
(b)  for  y  s  3  and  x/R  =  0.1  and  y  =  -5  mm  and  0-5  which  are 
locations  where  the  time-averaged  values  of  heat  flux  are  in 
the  gradient  and  strong  counter-gradient  directions, 
respectively:  figures  5(a)  and  (b)  show  the  calculated  values 
of  Note  that  second  and  fourth  quadrant 

contributions  are  expulsion  and  entrainment  type  motions 
and  counter-gradient  flux  can  occur  only  when  the 
contribution  of  these  quadrants  is  dominated  by  that  from  the 
first  and  third  quadrant  motions,  as  in  figure  5(b).  Thus, 
although  an  analysis  similar  to  Bray  and  Libby  - 
appropriately  modified  for  diffusion  flames  -  may  explain 
counter  gradient  diffusion  in  swirling  flames,  the 
explanation  is  however  applicable  only  in  the  region  where 
the  effects  of  entrainment  on  the  flow  characteristics  are 
negligible.  Counter-gradient  diffusion  helps  to  “trap"  hot 
products  inside  the  recirculation  zone  and  thus  to  stabilise 
the  flame. 
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Fig.  1  The  burner  geometry 
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(a)  x/R=0. 1 


(b)  x/R=0.5 


Fig.  4(a)  and  (b)  Normalised  joint  probability  distribution  of  radial  velocity  and  temperature.  P(Q,  t)  for  y  =  3  and 
x/R  s  0.1  and  y  =  -5  mm  and  0.5  which  are  locations  where  the  time-averaged  value  of  heat  flux 
is  in  the  gradient  and  strong  counter-gradient  directions ,  respectively. 


(a)  x/R=0. 1 


(b)  x/R=0. 5 


Fig.  5(a)  and  (b)  Normalised,  weighted  joint  probability  distribution  of  radial  velocity  and  temperature. 
Wt'f(C.t).  corresponding  to  fig.  4  (a)  and  (b). 
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ABSTRACT 

A  holographic  particle  image  velocimetry  (HPIV)  system 
has  been  developed  to  measure  instantaneously  all  three  compo¬ 
nents  of  velocity  at  order  106  points  in  a  three-dimensional  vol¬ 
ume.  A  high  speed  interrogation  system  and  an  automated  vector 
validation  system  is  incorporated  to  make  this  measurement  tech¬ 
nique  applicable  to  turbulence  research.  The  procedure  by  which 
holographic  particle  images  are  analyzed  to  obtain  the  three-di¬ 
mensional  velocity  measurements  from  a  single  hologram,  and 
how  these  measurements  are  validated  using  automated  statisti¬ 
cal  algorithms  is  described  in  this  paper. 

1.  INTRODUCTION 

The  physics  of  turbulence  can  be  belter  understood  when 
the  instantaneous  three-dimensional  structure  is  captured  by 
measuring  all  three  components  of  velocity  in  a  three-dimension¬ 
al  volume  with  high  spatial  and  velocity  resolution.  Over  the  past 
several  years,  two-dimensional  PIV  techniques  have  been  used  to 
measure  two-dimensional  slices  of  turbulence  structures  at  rela¬ 
tively  high  Reynolds  numbers.  Holographic  PIV  is  an  extension 
of  the  standard  two-dimensional  PIV  technique  to  three  dimen¬ 
sions,  enabling  the  three-dimensional  structure  of  high  Reynolds 
number  turbulent  flows  to  be  measured. 

The  analysis  of  large  three-dimensional  holographic  image 
fields  using  correlation  techniques  requires  large  numbers  of 
comnutations.  For  example,  the  analysis  of  a  100  x  100  x  100 
mm3  volume,  with  1  mm  grid  spacing,  requires  10°  two-dimen¬ 
sional  correlations.  If  a  conventional  interrogation  system  can 
process  1-4  vectors  per  second  using  a  pixel  resolution  of  128  x 
128.  it  would  take  between  70  and  300  hours  of  processor  time  to 
analyze  a  10°  vector  field.  This  is  an  unacceptably  long  time,  es¬ 
pecially  if  one  wishes  to  interrogate  many  such  fields.  Therefore, 
an  eight  array  parallel  processor  system  has  been  developed 
which  is  capable  of  analyzing  100  vectors  per  second  using  128 
x  128  single-frame  cross-correlations  (see,  Meinhart  et  al.  1993). 
This  corresponds  to  analyzing  106  vectors  in  less  than  3  hours. 

Once  the  image  fields  have  been  interrogated,  the  resulting 
vector  maps  contain  spurious  vectors.  These  vectors  are  the  re¬ 
sult  of  noise  in  the  correlation  functions  of  the  image  fields  dur¬ 
ing  interrogation  and  they  must  be  removed  before  the  velocity 
fields  can  be  considered  valid  measurements.  It  is  both  time  con¬ 
suming  and  tedious  to  sort  through  106  vectors  and  remove  the 
erroneous  vectors  manually.  Therefore,  an  automated  vector  vali¬ 
dation  process  has  been  developed,  which  uses  algorithms  to  an¬ 
alyze  statistically  the  reliability  of  each  velocity  measurement 
When  a  vector  is  deemed  erroneous,  it  is  tagged  and  then  re¬ 
moved  automatically.  The  result  is  a  fully  reliable  three-dimen¬ 
sional  velocity  field  consisting  of  order  106  three-dimensional 
velocity  vectors. 


2.  ANALYSIS  OF  HOLOGRAPHIC  IMAGE  HELDS 

2. 1  Holographic  Image  Recording 

The  holographic  imaging  system  is  described  in  detail  by 
Barnhart  et  al.  (1994).  This  system  records  four  distinct  holo¬ 
graphic  images,  two  stereo  views  at  the  two  different  times  tt  and 
t2,  on  a  single  holographic  plate.  The  stereo  views  are  used  to  re¬ 
construct  the  image  field  from  two  different  perspectives,  provid¬ 
ing  displacement  information  in  all  three  directions.  Exposures 
from  limes  t,  and  t2  are  recorded  with  separate  reference  beams. 
This  enables  the  exposures  to  be  reconstructed  individually  and 
cross-correlated. 

2.2  Holographic  Image  Acquisition 

Figure  1  shows  the  optics  and  the  computer  system  used 
for  reconstruction,  acquisition  and  interrogation  of  the  holo¬ 
graphic  image  fields.  The  interrogation  involves  three  steps;  (1) 
measuring  the  two-dimensional  displacements  of  the  images  that 
are  recorded  and  reconstructed  through  L12-PrLn,  (2)  measur¬ 
ing  of  the  two-dimensional  displacements  of  the  images  that  are 
recorded  and  reconstructed  through  L^-P^Lji,  (3)  validation  of 
the  two-dimensional  fields  to  remove  erroneous  velocity  mea¬ 
surements  and  (4)  combining  the  two  sets  of  two-dimensionai 
measurements  to  obtain  the  three-dimensional  displacements. 
This  procedure  is  similar  to  stereo  PIV  using  two-dimensional 
photographic  recording  (Prasad  et  al.  1993). 

During  the  first  interrogation,  the  optical  path  through  LI2- 
PpLn  is  blocked  so  that  only  the  panicles  images  recorded 
through  L^-Pi.-L^  are  reconstructed.  The  images  from  tt  and  t2 
are  reconstructed  and  digitized  separately,  using  computer  con¬ 
trolled  switching  between  reference  beams  R,*  and  R2*.  which 
is  synchronized  with  the  image  capture  of  the  frame  grabber. 
These  image  fields  are  then  double-frame  cross-correlated,  using 
the  system  described  by  Meinhan  et  al.  (1993).  to  determine  the 
two-dimensional  displacement  field  of  the  images  as  viewed 
through  Loi-Pi.-L^,.  see  Figure  1.  This  procedure  is  repeatedly 
applied  to  the  entire  reconstructed  image  volume  by  scanning  the 
CCD  camera  over  many  X-Y  planes. 

The  entire  volume  is  then  re-analyzed,  except  that  the  opti¬ 
cal  path  through  L^-P^-L^  is  blocked  so  that  only  particle  im¬ 
ages  recorded  through  L|2-P,-Ln  are  reconstructed,  digitized 
and  interrogated.  The  resulting  two-dimensional  displacement 
measurements  are  validated  using  the  automated  routines  to  re¬ 
move  erroneous  measurements.  The  two-dimensional  displace¬ 
ments  fields  are  then  combined  to  obtain  all  three  displacement 
components  on  a  three-dimensional  grid.  This  procedure  is  re¬ 
ferred  to  as  stereo-stereo  holography,  because  it  involves  record¬ 
ing  the  images  stereoscopically  and  reconstructing  them 
stereoscopically.  It  is  not  the  same  as  reconstructing  a  single  ho¬ 
lographic  image  and  viewing  it  stereoscopically. 


1.4.1 


Figure  1.  Schematic  of  reconstruction  and  interrogation  of 
holographic  images,  (a)  Optics  configuration  (top 
view),  (b)  Computer  configuration  (reproduced  with 
permission  from  Meinhart  et  at.  1993). 

The  displacement  of  the  holographic  images  at  each  inter¬ 
rogation  spot  is  found  by  double-frame  cross-correlating  the  im¬ 
ages  of  the  first  exposure  and  the  second  exposure  / 2. 

C(x)  =  jll(X)l2(X  +  s)dX.  (1) 

Figure  2  shows  the  autocorrelation  R(s)  of  the  superposed 
image  fields  /|  +  /2.  and  the  cross-correlation  C(s)  of  the  image 
fields  /|  and  /,.  Clearly,  the  height  of  the  noise  peaks  compared 
the  signal  peak  (labeled  CD  and  Aq+)  is  much  lower  for  cross- 
correlation  than  autocorrelation.  This  is  an  important  part  of  the 
holographic  interrogation  system,  because  in  demanding  situa¬ 
tions.  it  provides  more  reliable  velocity  measurements  than  auto¬ 
correlation.  In  addition,  double-frame  cross-correlation 
eliminates  the  need  for  artificial  image  shifting  when  the  dis¬ 
placement  vector  is  near-zero  or  negative.  (See  Keane  and  Adri¬ 
an.  1992.  for  a  detailed  discussion  of  the  theory  of  cross¬ 
correlation  of  PIV  image  fields.) 
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Figure  2.  Correlation  functions  of  holographic  particle  images: 

(a)  autocorrelation,  (b)  double-frame  cross-correlation. 

3.  VECTOR  VALIDATION 

3.1  Introduction 

The  system  used  to  validate  the  large  numbers  of  vectors 
generated  by  holographic  image  fields  is  discussed  below.  It  uses 
algorithms  to  statistically  analyze  the  reliability  of  each  velocity 
measurement,  remove  erroneous  measurements  and  replace  emp¬ 
ty  grid  points  with  alternatively  measured  vectors. 

In  order  to  accomplish  this  task,  a  two-stage  strategy  is 
used.  The  first  step  is  to  remove  all  or  nearly  all  the  errone  ’is 
vectors.  Next  replacements  are  sought  to  fill  the  empty  gi  >1 
points  by  evaluating  the  reliability  of  alternatively  measured  ve  - 
tors.  (i.e.  the  second  and  third  highest  displacement  peaks  in  tne 
correlation  function  of  the  image  field)  based  on  information 
from  reliable  neighboring  vectors. 

An  interpolation  scheme  is  then  used  to  fill  in  empty  grid 
points  that  are  absent  of  velocity  data  with  information  from  the 
neighboring  velocity  field.  The  vector  fields  are  them  smoothed 
by  convolving  them  with  a  Gaussian  kernel. 
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3.2  Removal  of  Erroneous  Measurements 


When  removing  erroneous  vectors,  it  is  important  to  re¬ 
move  all  the  outliers,  even  at  the  expense  of  sacrificing  a  few  val¬ 
id  vectors.  If  the  opposite  viewpoint  is  adapted  where  one  tries  to 
retain  all  the  valid  vectors  with  the  possibility  of  retaining  a  few 
outliers,  the  outliers  that  are  laige  in  magnitude,  will  likely  cor¬ 
rupt  flow  statistics  calculated  from  the  resulting  vector  field. 

We  use  three  automated  techniques,  that  are  based  upon  the 
spatial  relationships  between  in-plane  velocity  vectors,  to  remove 
erroneous  measurements  in  PIV  vector  fields:  (1)  tolerance  re¬ 
moval.  (2)  magnitude  difference  removal  and  (3)  quality  removal. 
An  additional  technique  known  as  stereo  matching  is  used  for 
stereo  PIV  image  fields. 

Tnlffranrr  removal.  Tolerance  removal  is  considered  a  glo¬ 
bal  technique  because  its  criteria  is  based  upon  statistical  quanti¬ 
ties  that  are  spatially  averaged  over  the  entire  vector  field,  as 
opposed  to  statistics  averaged  locally  in  space.  A  tolerance  is 
placed  by  requiring  the  vectors  to  be  within  a  specified  number 
of  standard  deviations  from  the  mean,  where  the  standard  devia¬ 
tion  (rms)  and  mean  are  estimated  by  using  an  x-line-average.  a 
y -column-average  or  averaging  in  both  the  x  and  y  directions 
over  the  entire  fold.  Global  averaging  decreases  the  effect  of  the 
nearby  erroneous  vectors  on  the  statistics.  In  extreme  situations, 
however,  numerous  outliers  can  adversely  effect  the  statistics, 
causing  unreasonably  large  values  in  the  estimated  rms  veloci¬ 
ties.  which  limits  the  effectiveness  of  the  tolerance  removal  tech¬ 
nique.  In  these  situations,  it  becomes  necessary  to  artificially 
impose  reasonable  limits  on  the  rms  velocities,  to  enhance  the  ef¬ 
fectiveness  of  the  tolerance  removal  technique. 

Typically,  tolerance  values  of  3.3  -  4.0  are  used,  that  is  ve¬ 
locity  vectors  that  are  more  than  3.3  -  4.0  standard  deviations 
from  the  mean  are  removed.  Poisson  statistics  suggest  that  if  a 
data  point  is  more  than  three  standard  deviations  from  the  mean, 
then  there  is  less  than  a  1  in  20  chance  of  it  being  good,  regard¬ 
less  of  the  probability  distribution  function  (Bedat  and  Piersol, 
1986). 

Magnitude  differenrr  removal  Magnitude  difference  re¬ 
moval  is  a  local  technique  that  mathematically  defines  how  well 
a  particular  vector  in  question  fits  in  with  its  surrounding  neigh¬ 
borhood.  This  is  considered  a  local  technique  because  it  is  prima¬ 
rily  dependent  upon  the  vectors  in  the  immediate  neighborhood. 
Figure  3  shows  the  spatial  relationship  of  a  vector  in  question  and 
its  surrounding  3x3  neighborhood.  The  velocity  vector  of  the 
neighborhood  is  estimated  by  calculating  the  median1  of  the 
neighborhood  for  each  velocity  component.  The  median  is  a 
more  robust  average  than  the  other  more  conventional  linear  av¬ 
erages  such  as  the  mean  (Westerweel  1994).  If  a  neighborhood 
contains  several  erroneous  vectors  that  are  large  in  size,  the  mean 
average  of  the  neighborhood  will  be  an  inaccurate  estimate  of  the 
actual  neighborhood  velocity,  while  the  median  average  may  es¬ 
sentially  be  unaffected  by  the  neighborhood  outliers. 

We  define  the  magnitude  difference  Md  as. 


Md  = 


v 


2 

rms 


(3.1) 


where  «,  v  are  the  horizontal  and  vertical  components  of 
the  vector  in  question.  «M(tfand  vmed  are  the  components  of  the 
neighborhood  median  velocity.  The  velocity  difference  between 
the  horizontal  and  vertical  components  of  velocity  between  the 
vector  in  question  and  its  neighborhood  are  normalized  by  their 
respective  components  of  globally  averaged  rms  velocity,  u^ 


1.  The  median  technique  was  suggested  by  Jeny  Wester¬ 
weel. 


□  □ 


□  D  □ 


neighborhood 

D 


□ 


□ 


0  -  ° 

^ —  vector  in  question 

■  ■  D 


□ 


□  D  O  □ 


Figure  3.  Vector  grid  showing  the  3  x  3  neighborhood  of  a  vector 
in  question  for  the  magnitude  difference  vector 
removal  technique. 

and  Vnmr  The  magnitude  difference  is  the  Euclidean  norm  of  the 
normalized  velocity  components  and  it  defines  a  functional  that 
is  an  estimate  of  how  well  a  vector  fits  in  with  its  neighborhood. 

By  specifying  a  high  and  a  low  value  of  magnitude  differ¬ 
ence.  all  the  velocity  measurements  are  divided  into  three  catego¬ 
ries;  erroneous  vectors,  questionable  and  reliable,  according  to 
Figure  4.  When  the  magnitude  difference  routine  is  executed,  the 
erroneous  vectors  are  removed,  the  reliable  vectors  are  retained 
and  the  questionable  vectors  are  sent  to  the  vector-checker. 
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vectors  vectors 
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Figure  4.  Division  of  vectors  into  the  three  categories  of  reliable, 
erroneous  and  questionable,  based  upon  the  magnitude 
difference  criterion. 


The  vector  checker  is  PIV’s  answer  to  a  spelling  checker 
found  on  most  word  processors.  The  idea  is  that  there  may  not  be 
a  clear-cut  mathematical  line  separating  good  vectors  from  bad 
vectors,  but  instead,  a  gray  area  between  good  and  bad  vectors 
where  vectors  are  considered  questionable.  While  it  may  be  diffi¬ 
cult  to  develop  an  automatic  algorithm  that  can  determine  wheth¬ 
er  a  borderline  vector  is  reliable  or  erroneous,  it  is  much  easier 
for  an  algorithm  to  seek  out  and  identify  questionable  vectors, 
the  display  them  at  the  center  of  the  computer  screen  and  to 
prompt  the  user  for  a  keep  or  remove  decision.  This  utility  makes 
it  possible  to  cast  judgement  on  many  vectors  in  just  a  few  sec¬ 
onds.  The  vector  checker  utility  is  only  used  as  a  last  resort  in 
difficult  situations,  when  it  is  not  possible  to  remove  all  the  bad 
vectors  with  automatic  routines. 

Quality  removal  The  quality  of  a  vector  is  measured  in  the 
correlation  plane  during  interrogation,  and  is  defined  as  the  ratio 
of  the  height  of  the  highest  displacement  correlation  peak  to  the 
second  highest  displacement  correlation  peak.  Since  the  quality 
is  a  measure  of  the  signal-to-noise  ratio,  it  should  be  a  good  crite¬ 
rion  for  estimating  the  reliability  of  the  measurement. 
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Experience  shows,  however,  that  quality  is  in  fact  a  poor 
measure  of  vector  reliability  (Westerweel  1994).  While  it  is  true 
that  nearly  all  bad  vectors  have  quality  values  only  slightly  larger 
than  unity,  it  turns  out  that  reliable  measurements  can  often  have 
qualities  with  similar  values  to  that  of  erroneous  measurements. 
Therefore,  quality  is  usually  not  used  in  validating  PIV  measure¬ 
ments. 

Stereo  matching.  In  stereo  PIV,  all  three  components  of  ve¬ 
locity  are  calculated  by  measuring  the  two  in-plane  components 
of  velocity  from  each  of  two  perspectives  and  combining  them  to 
obtain  all  three  components  of  velocity  (Prasad  etaL  1993).  The 
system  of  equations  used  to  combine  the  two  perspectives  is  over 
constrained,  thereby  over  specifying  one  component  of  velocity. 
In  our  situation,  the  vertical  component  of  velocity  measured 
separately  from  the  right  and  left  perspectives  of  the  hologram 
should  agree  to  within  the  accuracy  of  the  HPIV  measurement 
technique.  Erroneous  measurements  are  identified  when  the  dif¬ 
ference  between  the  two  vertical  components  of  velocity  at  a  giv¬ 
en  point  is  greater  than  some  specified  value,  when  normalized 
by  a  characteristic  velocity. 

3.3  Replacement  with  Alternatively  Measured  Vectors 

The  second  pan  of  the  validation  strategy  is  to  replace  the 
empty  grid  points  with  alternatively  measured  good  vectors.  The 
alternative  replacement  algorithm  fills  empty  grid  points  with  al¬ 
ternatively  measured  velocity  vectors  if  the  alternatively  mea¬ 
sured  vectors  satisfy  both  a  global  criterion  and  a  local  criterion. 
The  global  criterion  requires  that  the  alternatively  measured  vec¬ 
tors  (the  Choice  2  or  Choice  3  vectors)  reside  within  a  user  spec¬ 
ified  tolerance.  The  local  criterion  requires  the  successful 
replacement  vector  to  have  a  lower  magnitude  difference  value 
than  all  the  other  alternatives.  In  other  words,  an  empty  grid  point 
is  filled  with  an  alternatively  measured  velocity  vector,  if  the  al¬ 
ternatively  measured  vector  is  within  a  specified  tolerance  and 
fits  in  well  with  its  neighborhood. 

3.4  Interpolation 

Isolated  empty  grid  points  that  have  reliable  and  well  repre¬ 
sented  surrounding  neighborhoods  can  be  assigned  an  estimated 
velocity.  based  upon  a  weighted  spatial  average  of  the  neigh¬ 
borhood, 

«'(*')  =  Jw(x-*')«(x)dx.  (2) 

where  the  weighting  function,  w  (x  -  x'),  is  a  Gaussian  or 
a  similar  type  function.  A  convolution-type  average  is  typically 
less  sensitive  to  noise  than  the  median  average  and  utilizes  more 
information  from  neighboring  velocity  vectors  than  a  simple  bi¬ 
linear  interpolation.  The  convolution  integral  is  evaluated  in  fully 
three-dimensional  space  for  holographic  vector  fields  and  in  two- 
dimensional  space  for  standard  PIV  vector  fields. 

If  empty  grid  points  exist  within  the  neighborhood,  those 
points  are  excluded  from  the  calculation.  The  reliability  of  the 
neighborhood  estimate  is  ensured  by  requiring  that  a  specified 
percent  of  the  neighborhood  velocity  vectors  are  present  before 
the  empty  point  is  assigned  the  estimate  « ' . 


where  x  and  x'  are  the  spatial  coordinate  vectors.  xk  is 
size  of  the  kernel.  This  convolution  is  evaluated  in  three-dimen¬ 
sional  space  for  holographic  vector  fields.  The  Gaussian  filter  re¬ 
moves  high  frequency  noise  from  the  velocity  measurements 
which  can  be  a  result  of  random  white  noise  generated  by  film 
grain  noise  and  pixel  digitization  during  interrogation. 

3.6  Batch  Mode  Execution 

Once  a  sequence  of  vector  validation  routines  along  with 
their  operating  parameters  are  found  to  work  well  for  several 
two-dimensional  planes  of  a  three-dimensional  HPIV  vector 
field,  they  are  stored  in  a  macro  file.  An  entire  holographic  vector 
field  consisting  of  -106  vectors  can  be  validated  automatically  in 
about  3  hours  by  executing  the  validation  program  in  batch 
mode. 

3.7  Vector  Validation  Example 

Typically,  the  mode  of  operation  for  validating  three-di¬ 
mensional  holographic  vectors  is  to:  (1)  use  stereo-matching  to 
remove  vectors  whose  vertical  components  of  velocity  do  not 
agree,  (2)  apply  the  tolerance  removal  technique  to  remove  erro¬ 
neous  vectors  that  have  very  large  magnitudes,  (3)  apply  the 
magnitude  difference  technique  to  remove  erroneous  vectors  that 
do  not  fit  in  well  with  the  neighboring  vectors.  (4)  replace  the 
empty  grid  points  with  alternatively  measured  vectors  (where  ap¬ 
plicable).  (S)  reapply  tolerance  and  magnitude  difference  to  re¬ 
move  any  erroneous  vectors  not  previously  removed  or 
incorrectly  added  during  Step  3.  (6)  three-dimensionally  interpo¬ 
late  and  smooth  velocity  fields  (where  applicable). 

The  performance  of  this  sequence  of  operations  was  evalu¬ 
ated  by  applying  the  automated  routines  to  a  typical  two-dimen¬ 
sional  PIV  vector  field  using  steps  (2)-(5)  and  then  comparing 
those  results  to  a  manual  validation  of  the  same  vector  field.  Fig¬ 
ure  5  shows  the  velocity  held  before  and  after  the  sequence  of  au¬ 
tomated  operations.  The  performance  of  each  operation  and  the 
convergence  to  the  manually  validated  field  is  displayed  in  Fig¬ 
ure  6.  Fifty  five  percent  of  the  erroneous  vectors  were  initially  re¬ 
moved  during  interrogation,  because  there  was  not  an  adequate 
signal  peak  detected  in  the  correlation  function.  After  applying 
tolerance  removal  (Step  2)  and  then  magnitude  difference 
(Step  3),  93%  and  97%  of  the  erroneous  vectors  were  removed, 
respectively.  The  replacement  with  alternatively  measured  vec¬ 
tors  routine  (Step  4)  replaced  93%  of  the  Choice  2  and  Choice  3 
vectors  that  were  reliable  measurements.  Magnitude  difference 
was  then  applied  for  the  second  time  (Step  4);  it  removed  100% 
of  the  erroneous  measurements. 

The  sample  vector  field  used  here  contains  roughly  10000 
grid  points,  out  of  which  the  automated  removal  routines  correct¬ 
ly  removed  100%  (387  vectors)  of  the  erroneous  vectors,  and  the 
automated  replacement  routine  correctly  replaced  95%  (93  vec¬ 
tors)  of  the  reliable  Choice  2  and  Choice  3  vectors.  The  only  er¬ 
ror  was  that  the  automated  routines  failed  to  replace  two 
Choice  2  vectors  and  two  Choice  3  vectors.  The  performance  of 
the  automated  routines  displayed  in  Figure  6  is  not  always 
achieved,  but  it  is  characteristic  of  most  PIV  vector  fields,  when 
data  dropout  is  not  too  severe. 


3.5  Low-pass  Spatial  Filtering 

The  previous  sections  have  discussed  the  nonlinear  filtering 
techniques  used  to  remove  erroneous  measurements  and  to  re¬ 
place  alternatively  measured  velocity  vectors.  A  linear  low-pass 
filter  can  also  be  applied  to  the  velocity  field  by  convolving  it 
with  a  Gaussian  kernel  given  by. 

,  (  ( jt  —  -r') 2 

G(x-x)=exp^ - ; — j.  (3.2) 


4.  HPIV  MEASUREMENTS  OF  A  JET  FLOW 

Figure  7  is  an  HPIV  vector  field,  covering  a  volume  of  24.5 
x  24.5  x  60  mm3,  of  air  flow  issuing  from  a  76  mm  turbulent  pipe 
at  Reynolds  number  Re  -  Ufl£>/v  =  6000.  The  interrogation 
spots  are  0.87  mm3  and  overlapped  by  50%  in  all  three  direc¬ 
tions.  giving  nearly  400  000  three-dimensional  velocity  measure¬ 
ments,  fully  resolving  the  turbulent  motion.  The  interrogation 
and  vector  validation  system  described  in  this  paper  allows  ve¬ 
locity  measurements  such  as  the  one  presented  in  Figure  7  to  be 
obtained  from  interrogating  holographic  particle  images,  with 
just  a  few  hours  of  computer  time. 
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Figure  5.  Typical  PIV  velocity  vector  field:  (a)  before  automatic 
data  validation,  (b)  after  data  validation. 

5.  CONCLUSION 

Holographic  particle  image  velocimetry  is  used  to  measure 
over  400  000  three-dimensional  velocity  vectors  in  a  three-di¬ 
mensional  volume.  This  technique  is  made  feasible  by  incorpo¬ 
rating  a  high-speed  parallel  processing  system  to  analyzed  over 
100  vectors  per  second,  using  128  x  128  double-frame  cross-cor¬ 
relations.  By  using  double-frame  cross-correlation  instead  of  au¬ 
tocorrelation.  a  larger  percentage  of  reliable  vectors  is  obtained, 
because  cross-correlation  has  a  greater  signal-to-noise  ratio. 

Automated  vector  validation  routines  have  been  developed 
that  remove  efficiently  erroneous  velocity  measurements,  which 
result  from  noise  in  the  correlation  functions  during  interroga¬ 
tion.  These  validation  routines  make  it  possible  to  validate  mil¬ 
lions  of  PIV  velocity  vectors  in  just  a  few  hours.  Test  results 
show  that,  for  a  typical  two-dimensional  vector  field,  decisions 
made  by  the  automated  validation  routines  agree  well  with  inde¬ 
pendently  made  manual  decisions. 


Figure  6.  Performance  of  a  typical  vector  validation  sequence. 

This  graph  shows  the  effect  of  the  various  automated 
validation  routines  on  the  percent  of  erroneous  vectors 
removed  and  the  percent  of  alternatively  measured 
vectors.  Convergence  to  100%  is  achieved  when  the 
automated  routines  agree  completely  with  manual 
decisions. 


Figure  7.  Three-dimensional  holographic  velocity  vector  field. 
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ABSTRACT 

A  simple  two-point-LDV-setup  for  the  determination 
of  the  turbulent  length  scales  in  an  axisymmetric  burner  and 
the  co-flowing  air  jet  was  designed,  built  and  tested  under 
isothermal  and  combusting  conditions.  Representative 
measurements  of  spatial  correlation  coefficients  for  different 
flow  configurations  are  presented  and  discussed.  Grid  induced 
turbulence  of  different  length  scales  is  the  main  parameter 
distinguishing  the  flow  configurations,  resulting  in  different 
types  of  flames  for  otherwise  identical  boundary  conditions. 
The  accuracy  of  the  two-point  measurements  is  also  discussed. 


1.  INTRODUCTION 

Length  scales  are  important  parameters  for  the 
description  of  turbulent  transport  processes.  They  can  be 
directly  obtained  by  measuring  the  spatial  correlation  function 
of  the  flow  velocity,  or  by  invoking  Taylor' s  hypothesis  [see 
Tennekes  &  Lumley  1972].  The  latter  can  be  used  only  for 
the  estimation  of  the  longitudinal  spatial  correlation  in  the 
direction  parallel  to  the  main  flow,  from  the  autocorrelation 
function  in  a  single  measuring  point.  Cenedese  et  al.  (1991) 
made  an  experimental  test  of  the  validity  of  Taylor's 
hypothesis  in  a  turbulent  channel  flow  and  found  out  that  only 
the  microscales  are  sufficiently  described  by  the  "frozen  flow" 
assumption.  Romano  (1993)  pointed  out  that  Taylor's 
hypothesis  is  only  reasonable  for  high  Reynolds  numbers. 
This  brief  discussion  shows  the  necessity  of  obtaining  the 
spatial  correlation  function  of  the  flow  velocity  in  a  direct 
way,  by  simultaneous  multiple  point  measurements.  In  most 
cases  2-point  measurements  are  applied.  The  traditional  hot¬ 
wire  technique  has  the  disadvantage  in  the  case  of  longitudinal 
correlations,  that  the  wake  generated  by  the  first  wire  affects 
the  second  ;  the  method  can  therefore  be  applied  only  for 
transverse  correlation  measurements.  In  combusting  flows, 
however,  only  optical  techniques  such  as  Laser  Doppler 
Velocimetry  can  be  applied.  Until  now  several  2-point  LDV 
systems  using  various  optical  configurations  have  been 
implemented.  Nakatani  et  al.  (1985)  realised  a  system  with 
several  pairs  of  beams  generated  by  a  diffraction  grating. 
Other  researchers  used  2  independent  systems  with  different 
wave-lengths,  e.g.  Romano  (1993),  Cenedese  et  al.  (1991), 
Johns  etal.  (1986).  Fraser  and  Bracco  (1988)  developed  a 


2-point  single  probe-volume  LDV  system  by  collecting  the 
scattered  light  from  different  positions  within  an  elongated 
probe  volume.  Benak  et  al.  (1992)  developed  a  compact  fiber 
optic  2-point  LDV  sensor  operating  in  backscattering  for  use  in 
I.C.  engines.  Pfeifer  (1986)  suggested  a  system  which  creates  a 
second  measuring  volume  by  refocusing  the  divergent  beams 
from  the  first  measuring  volume  back  into  the  flow,  by  means 
of  a  spherical  mirror.  Finally  Benak  et  al.  (1993)  discussed  the 
choice  of  a  suitable  estimator  for  the  spatial  -temporal 
correlation  function  from  2-point  LDV  measurements  with 
special  emphasis  on  the  slot  correlation  and  on  the  interpolation 
schemes  for  an  equidistant  lag  time  processing,  while  Romano 
(1993)  preferred  to  obtain  the  cross-correlation  coefficient  from 
the  cross-spectral  power  density  function  of  the  resampled  2- 
point  velocity  data  at  equidistant  intervals. 

In  the  present  work  a  simple  2-point-LDV-setup  for  the 
determination  of  the  transverse  spatial  correlations  in  an 
axisymmetric  burner  and  the  coflowing  air  jet  was  designed, 
built  and  tested  under  isothermal  and  combusting  conditions. 
The  parameters  affecting  the  accuracy  of  the  2-point 
measurements  are  discussed  and  a  correction  scheme  for  the 
accurate  estimation  of  the  cross-correlation  coefficient  is 
proposed. 


Z  EXPERIMENTAL  SETUP 

The  experiments  were  carried  out  in  a  concentric  jet 
which  can  be  operated  either  isothermally  or  with  combustion 
of  the  gas  exiting  the  central  pipe,  which  has  a  diameter  of 
30mm  after  a  4:1  contraction.  A  blower  in  the  outer  pipe 
(160mm  diameter  after  a  4:1  contraction)  delivers  an  air  flow  as 
a  mantle  around  the  central  flow.  Honeycombs  and  two  screens 
in  the  outer  pipe  ensure  a  controlled  turbulence  level  and  swirl- 
free  flow.  For  combustion  tests  dry  air  and  methane  are  mixed 
in  a  pre-chamber  connected  to  the  central  pipe.  Flow 
controllers  in  the  two  gas  lines  ensure  a  flow  uncertainty  of 
maximum  ±1%  with  a  reproducibility  of  ±0.25%.  A  flame  trap 
(1000  holes  with  1  mm  diameter  in  a  4  mm  thick  plate)  is 
included  in  the  central  pipe.  At  the  outlet  of  the  central  pipe 
different  grids  can  be  installed,  which  produce  different  scales 
of  turbulence  in  the  central  stream.  The  grid  size  is  the  main 
parameter  of  the  present  experiment  The  premixed  flame  has  a 
height  of  600  mm  with  the  flame  front  in  the  region  up  to  120 
mm  above  the  burner. 
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Fig.  1  Schematic  diagram  of  the  experimental  letup 

The  optics  for  the  LDV-setup  (Fig.2)  consist  of  a  10 
mW  He-Ne  laser  (2),  the  transmitting  optics  (6)  with  a  SO  mm 
beam  separation  and  a  310  mm  transmitting  lens,  and  the 
receiving  optics  in  forward  scattering  mode  with  a  ISO  mm  lens 
(10)  and  an  Avalanche  Photo  Diode  (APD)  with  a  200  pm 
pinhole  (1 1).  A  beam  collimator  was  built  using  two  lenses,  one 
SO  mm  (4)  and  one  200  mm  (S),  in  order  to  reduce  the  size  of 
the  measuring  volume  and  improve  the  spatial  resolution.  The 
measuring  volume  has  a  diameter  of  75  pm  and  a  length  of  900 
pm  in  this  configuration. 
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1.  Optical  table 

2.  10  mW  He-Ne  Laser 

3.  Mirror 

4.  Lens  50mm 

5.  Lens  200mm 

6.  Sending  optics 

7.  SOmm  beam  splitter 


8.  Sending  lens  31  Oram 

9.  Microtraversing  table 

10.  Receiving  lens  130mm 

11.  Photodetector  (APD) 

12.  Microtraversing  table 

13.  Outer  nozzle 

14.  Inner  nozzle 


Fig£  Schematic  diagram  of  the  LDV  •  setup 

A  second  system  was  designed  and  built  using  the  same 
optical  parameters  as  the  first  one,  but  with  the  sending  optics 
lying  on  the  opposite  side  of  the  first  system.  This  second 
system  also  works  in  the  forward  scattering  mode  with  the  same 
receiving  optics  parameters  as  the  first  one.  ‘The  sending  lens 
(8).  the  receiving  lens  (10)  and  the  APD  (11)  of  the  second 
system  are  mounted  on  microtraversing  devices  (9,12)  in  order 
to  inverse  the  second  measuring  volume  relative  to  the  first  one. 


The  second  system  was  designed  in  order  to  make  a  2-point 
correlation  of  the  velocity  signals  possible.  The  measurements 
begin  with  the  two  measuring  volumes  overlapping  each  other 
(Sr=0)  and  then  the  autocorrelation  function  p(6r)  is  measured 
for  different  8r’  s.  The  two  systems  both  work  in  forward 
scattering  mode  but  the  one  opposite  to  the  other  in  order  to 
avoid  cross-talk  in  the  case  of  overlapping  measuring  volumes, 
i.e.  when  the  measuring  volumes  overlap,  one  system  should 
receive  signals  in  backscattering,  which  is  about  100-1000  times 
weaker  than  forward  scattering;  no  crosstalk  is  then  detectable 
due  to  the  low  power  of  the  laser  sources  used. 

For  the  LDV-signal  processing,  two  TSI  1980B  counter 
processors  with  a  DOSTEK  1400 A  interface  card  installed  in  an 
IBM  compatible  PC  were  used.  This  system  can  simultaneously 
acquire  data  from  two  LDV-systems.  Furthermore  a  user- 
defined  coincidence  window  can  be  set,  such  that  each  pair  of 
2-point  measurements  can  be  regarded  as  coincident.  The  entire 
optical  setup  is  located  on  a  three  dimensional  traversing  device 
driven  by  stepper  motors.  The  stepper  motors  are  controlled 
with  an  interface  card  in  the  PC.  The  overall  accuracy  of  the 
traversing  device  is  5pm  in  every  direction.  For  the  inner  flow, 
MgO  seeding  particles  of  approximately  1pm  diameter  were 
used,  originating  from  cyclone-type  particle  seeders.  For  the 
outer  flow,  glycerine  particles  in  a  water  solution  of  1:8  coming 
from  an  atomizer  were  used.  The  resulting  signal  quality  was 
good  in  all  regions,  except  in  the  interaction  region  between 
outer  flow  and  outer  cone  of  the  burnt  gas.  In  this  region,  the 
glycerine  particles  possibly  evaporated  and  the  data  rate  was 
massively  reduced. 

For  the  adjustment  of  the  2-point  LDV  probe  a  special 
procedure  was  developed  to  satisfy  two  conditions; 

1 )  For  5p=0,  the  two  measuring  volumes  should  overlap 

2)  When  traversing  the  second  system  (both  sending  and 
receiving  optics),  the  optical  adjustment  of  this  system 
should  remain  stable. 

The  8r=0  adjustment  of  the  2-point  LDV -probe  proved  to  be 
very  tricky  and  sensitive  to  disturbances.  A  30pm  pinhole  was 
centred  on  the  inner  stream  nozzle,  and  the  sending  optics  of 
both  systems  were  adjusted  with  micro-traversing  devices,  until 
all  four  laser  beams  passed  through  the  pinhole.  A  second  check 
to  assure  the  quality  of  the  adjustment  consisted  of  checking  if 
both  systems  could  receive  signals  in  backscattering  under  the 
following  conditions: 

a)  the  amplification  of  the  receiving  APD  of  one  system 
was  high. 

b)  the  laser  source  of  the  same  system  was  turned  off. 

In  order  to  assure  stable  optical  alignment,  when  traversing  the 
second  LDV-system,  a  second  receiving  lens  was  used.  A 
projection  of  the  measuring  volume  on  the  entire  APD  sensitive 
surface  was  possible  (about  0.5  mm),  resulting  in  insensitivity  of 
the  receiving  optics  to  small  misalignments  of  the  optical  path 
due  to  small  traversing  inaccuracies,  when  the  second  system 
was  traversed  relative  to  the  first  one.  The  effect  of  the 
collimator  adjustment  in  the  accuracy  of  the  measurements  is 
very  critical.  The  best  method  to  adjust  the  collimator  is  to 
perform  measurements  in  a  laminar  flow  and  adjust  the 
collimator  lens  separation  with  a  micro-positioner  until  the 
measured  RMS  reaches  the  lowest  possible  value.  If  this 
adjustment  has  not  been  performed,  uncorrelated  noise  caused 
by  the  divergend  fringe  pattern  destroys  the  correlation 
measurements. 
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In  order  to  make  2-point  correlations  without  using 
signal  reconstruction  methods  such  as  those  proposed  by 
Veynante  and  Candel  (1988)  or  Chao  and  Leu  (1992),  the  two 
LDV-systems  were  operated  in  the  "coincidence"  mode,  i.e.  the 
LDV-signals  woe  evaluated  only  if  both  systems  received  a 
LDV-signal  within  a  small  time  window,  which  was  set  in  these 
experiments  to  lOps,  i.e.  much  shorter  then  the  smallest  time 
scale  of  the  flow.  However  if  not  only  the  spatial  but  also  the 
temporal  cross-correlation  is  of  interest,  either  a  slot  correlation 
of  the  velocity  pairs  as  proposed  by  Mayo  (1975)  or  a  signal 
reconstruction  method  has  to  be  applied. 

In  the  case  of  8r=0,  the  two  systems  give  signals  for  the 
same  particles  resulting  in  a  sufficient  data  rate  of  coincident 
signals.  In  the  case  where  Sr*0  the  individual  data  rates  have  to 
be  high  enough  in  order  to  get  a  sufficient  coincidence  data  rate. 
This  task  is  difficult  especially  for  combusting  flows  in  which 
the  flame  front  illumination  reduces  the  data  rate.  For  the 
required  data  rate  two  new  APD's  were  used  with  the  following 
advanced  features: 

a)  The  frequency  response  was  limited  to  5  MHz  (*3dB)  in 
order  to  improve  the  amplification  characteristics. 

b)  A  resistor  of  high  value  was  connected  in  series  with  the 
APD  sensor,  in  order  to  protect  the  amplifier  from 
saturation  in  the  case  of  large  particles.  In  the  case  of 
smaller  particles,  the  APD  sensor  has  a  high  resistance 
itself,  so  that  the  main  part  of  the  supply  voltage  remains 
on  the  APD  sensor.  This  results  in  a  non-linear  behaviour 
of  the  APD-sensor,  i.e.  for  higher  intensities  the 
amplification  is  lower.  This  allows  higher  amplification 
levels  (important  for  smaller  particle  signals)  without 
saturation  due  to  larger  particles. 


FlgJ  Different  traversing  options  for  length-scale 


The  axial  symmetry  of  the  flow  permitted  different 
correlation  coefficients  to  be  measured.  In  order  to  measure  the 
pn(8r)  correlation  coefficient  the  main  traversing  unit  was 
traversed  in  a  plane  perpendicular  to  the  jet  axis  and  parallel  to 
the  axis  of  the  second  LDV-system  traversing  mechanism.  For 
the  measurement  of  pn(5$)  the  main  traversing  unit  was 
traversed  in  a  plane  perpendicular  to  the  jet  axis  and  per¬ 
pendicular  to  the  axis  of  the  second  LDV-system  traversing 
mechanism.  In  figure  3,  the  different  traversing  configurations 
can  be  seen.  For  the  measurement  of  p,,(Sx)  (fix  being  in  the 
axial  direction)  the  time  delay  correlation  function  from  one 


system  could  be  used  under  the  assumption  that  Taylor's 
hypothesis  is  valid. 


3.  PARAMETERS  AFFECTING  THE  ACCURACY 
OF  THE  2-POINT  PROBE 

The  transverse  spatial  correlation  coefficient  between 
velocity  fluctuations  u[  and  separated  by  a  distance  Sr 
perpendicular  to  the  velocity  components  was  measured: 


The  integral  length  scale  A  characterizing  the  large  eddies  which 
are  important  for  turbulence  production  is  found  from 

A  =  J~p(8r)d8r  (2) 

In  the  vicinity  of  Sr  =  0  p(fir)  follows  the  form  of  a  downward 
opening  parabola,  i.e. 

(3> 

where  the  Taylor  microscale  X  which  characterizes  the 
turbulence  scales  in  the  inertial  subrange  is  defined  by  the 
intersection  of  this  parabola  with  the  axis  p  =  0. 

The  correlation  coefficient  at  Sr  =  0  is  a  good  criterion 
for  the  quality  of  the  2-point  probe  since  p(0)  should  be  1.  The 
accuracy  requirements  for  correlation  measurements  are  very 
stringent.  Hie  correlation  is  performed  on  the  velocity 
fluctuations,  which  are  in  general  smaller  than  the  mean 
velocities,  and  is  affected  by  the  following  factors: 

•  optical  and  electronic  noise  which  is  not  correlated  with  the 
signal 

•  spatial  resolution  of  the  LDV  system  in  comparison  with 
the  length  scales  to  be  resolved 

•  the  coincidence  window  width,  or  the  temporal  resolution 
of  the  signal  reconstruction  method,  in  comparison  with  the 
time  scale  to  be  resolved 

•  cross-talk  between  the  two  measuring  volumes 

Preliminary  tests  with  the  2-point  probe  at  Sr  =  0 
showed  that  positions  with  low  turbulence  intensity  values  had 
lower  correlation  coefficients  than  highly  turbulent  positions.  In 
order  to  understand  this  behaviour  the  following  experiment  was 
performed.  A  sine  wave  generator  with  amplitude  and 
frequency  modulation  was  connected  to  the  two  TSI  1980B 
counters.  The  frequency  modulation  (FM)  resulted  in  an 
adjustable  pseudo- "turbulence  intensity"  and  the  amplitude 
modulation  (AM)  resulted  in  burst  signals  in  order  to  operate  the 
single  measurement  per  burst  mode  of  the  counter.  The 
correlation  coefficient  of  the  frequency  fluctuations  was 
calculated  and  can  be  seen  in  figure  4. 
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TSI  1980b  x  2  m  8  NoCycles 

OOSTEC  1400A  +  TCM  BOARD  ^  16  NoCycIss 
Meon  Frequency  500  kHz  MO  32  NoCycles 


correlation  coefficient  for  different  turbulence  intensities 

The  main  result  of  this  experiment  is  that  in  regions  with 
low  turbulence  intensity  (less  than  1  %),  the  accuracy  of  the 
correlation  measurements  is  not  good  because  of  the  relatively 
high  level  of  unconelated  noise.  The  number  of  cycles  used  for 
the  counter  signal  processing  plays  an  important  role  in  the 
achieved  accuracy.  In  the  present  experiment,  the  diameter  of 
the  measuring  volume  (resulting  from  the  desired  spatial 
resolution)  and  the  fact  that  no  Bragg -cells  were  used  limited  the 
number  of  cycles  used  for  the  counter  signal  processing  to  16.  In 
this  approach,  however,  only  the  electronic  and  digitization 
noise  in  the  signal  processing  units  is  considered. 


In  the  real  case  (see  fig.  5)  other  noise  sources  also  exist: 
from  the  APD's,  and  from  other  light  sources,  etc. 


Fig.  5  Measured  correlation  coefficients  for  5n>0  in 
different  locations  and  conditions 


Because  of  the  uncorrelated  noise  the  correlation 
coefficient  at  zero  separation  (8r=0)  is  less  than  one  measured. 
Hence  the  scales  that  are  calculated  from  the  measured 
correlation  coefficient  function  p(Sr)  with  formulas  (2)  and  (3) 
cannot  be  accurate.  A  procedure  for  the  exact  estimation  of  the 
correlation  coefficient,  based  on  the  work  of  van  Maanen  et  al. 
(1975),  who  proposed  a  cross-correlation  technique  for  the 
reduction  of  the  ambiguity  noise  in  LDV,  was  used  in  this  study. 
The  measured  velocity  u(t)  as  a  function  of  time  consists  of  the 
following  parts: 

u(t)  =  U  +  u'(t)  +  un(t)  (4) 

where  U  is  mean  velocity,  u'(t)  are  the  velocity  fluctuations 
and  Un  (t)the  noise  of  the  entire  system.  The  measured  apparent 
velocity  fluctuations  u^(t)are: 

u^(t)  =  u'(t)  +  un(t)  (5) 

The  measured  correlation  coefficient  p|2n  (5r)  consequently  is 
different  than  the  one  from  equation  (1): 


(«r 

The  following  relations  between  the  measured  and  the  exact 
values  can  be  derived  under  the  assumption  that  the  noise 


components  u,n  and  u2ll  are  not  correlated 
quantity  except  each  one  with  itself: 

to  any  other 

=  (“!  + “to  )K  +  U2n  )  = 

(7) 

(8) 

“22m=(U2+U2n)2=U'2+l4 

(9) 

From  the  relations  (7)-(9)  one  can  see  that  the  cross-correlation 
ujuj  is  measured  accurately  also  in  the  presence  of  noise,  but 
the  normal  stresses  of  the  velocity  in  the  two  points  are  larger  by 
the  RMS  of  the  uncorrelated  noise  uj0  and  u2n  and  affect  the 
denominator  of  the  correlation  coefficient.  The  measured  RMS 
of  the  unconelated  noise  u2n  and  u2n  can  be  obtained  from  the 
measurement  for  zero  separation  8r=0.  In  this  case  the  following 
relations  are  valid: 


Thus,  since  from  the  measurement  at  zero  separation  the  RMS 
of  the  noise  for  each  LDV  channel  is  known  the  correlation 
coefficient  can  be  corrected  also  for  separations  5r*0 ,  under  the 
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assumption  that  the  RMS  of  the  noise  remains  unchanged  for 
both  channels.  This  assumption  is  valid  for  the  system,  which 
measures  at  the  fixed  point  and  almost  valid  for  the  second 
system  if  the  separation  distance  is  small.  In  this  discussion  we 
have  neglected  the  "noise"  originating  from  the  finite  size  of  the 
measuring  volume  which  will  be  somehow  correlated.  If  the 
spatial  resolution  is  good  compared  to  the  smallest  scales  of  the 
flow,  then  this  effect  can  be  neglected. 


4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Measurements  were  performed  at  a  Reynolds  number  of 
about  7500  (based  on  the  inner  pipe  diameter)  for  three  cases: 

•  no  grid  installed 


•  a  coarse  grid  installed  (0.75  mm  thick,  3.5  mm  mesh  size) 

•  a  fine  grid  installed  ( 0.35  mm  thick,  1 .5  mm  mesh  size) 


Radial  Position  [mm] 

Fig.  6  Radial  profiles  at  50mm  in  the  flow  configuration 
with  coarse  grid 


The  velocity  of  the  inner  stream  was  3.6  m/s  .  The 
energy  release  rate  of  the  flame  was  8kW  with  a  stoichiometric 
methane-air  mixture.  The  outer  flow  velocity  was  set  for  all  flow 
configurations  to  3.6  m/s,  before  ignition,  at  the  radial  position 
30mm  and  axial  position  10mm  after  the  nozzle  exit.  The  room 
temperature  was  about  25°  C.  In  order  to  get  an  overview  of  the 
flow  field,  two-component  LDV  measurements  were  performed 
in  a  radial  region  of  -40mm  •  440mm  and  an  axial  region  of  10  - 


140mm  from  the  nozzle  exit  at  665  points  for  all  three  flow 
configurations.  The  profiles  of  the  mean  axial  and  radial 
velocity,  and  the  normal  and  the  shear  stresses,  are  given  in 
figures  6  and  9  for  the  same  axial  position  at  which  correlation 
measurements  were  made,  under  combusting  conditions. 
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Fig.  7  Transverse  spatial  correlation  coefficient  function 
(radial)  in  the  flow  configuration  with  coarse  grid  for  the 
isothermal  and  the  combusting  case 

For  both  flow  configurations  with  combustion  the  flame 
structure  is  similar  but  quantitative  differences  in  the  mean 
velocities,  the  Reynolds  stresses  and  the  region  sizes  are 
revealed  in  figures  6  and  9.  In  general  the  flow  of  the  unbumt 
gases  in  the  middle  accelerates  before  the  flame  front  as  shown 
by  the  axial  velocity  profiles  because  of  the  increasing 
temperature  and  decreasing  density.  The  burnt  gases  also 
accelerate.  The  development  of  a  shear  layer  between  the  outer 
cone  of  the  burnt  gases  and  the  outer  flow  is  shown  in  figures  6 
and  9  and  is  particularly  marked  in  the  profiles  of  RMS  axial 
velocity  and  Reynolds  shear  stresses. 


2.2.5. 


The  axial  position  in  which  the  flame  front  ends  is  about 
1 10- 120mm  for  the  case  without  a  grid,  80-90mm  for  the  case 
with  the  coarse  grid  and  90-  100mm  for  the  case  with  the  fine 
grid.  The  turbulent  flame  speed  can  be  calculated  from  the  angle 
of  the  flame  front  (as  defined  by  the  height  of  the  flame  and  the 
diameter  of  the  inner  nozzle)  and  the  mean  velocity  at  the  outlet 
of  the  inner  nozzle.  According  to  this  procedure  the  turbulent 
flame  speed  is: 


•  without  a  grid:  -0.5  m/s 

•  with  the  coarse  grid:  -0.7  m/s 

•  with  the  fine  grid:  -0.6  m/s 


Fig.  8  Transverse  spatial  correlation  coefficient  function 
(tangential)  in  the  flow  configuration  with  coarse  grid  for  the 
isothermal  and  the  combusting  case 

Representative  2-point  measurements  at  an  axial 
position  of  50mm  after  the  outlet  of  the  central  pipe  were 


performed  and  are  presented  in  figures  7-8  and  10-11  for  the 
flow  configurations  with  coarse  and  fine  grid  installed  in  the 
central  pipe.  For  each  flow  configuration  two  radial  positions  of 
the  fixed  measuring  volume  were  examined,  i.e.  one  before  the 
flame  front  in  the  inner  stream  and  one  just  after  the  flame  front 
in  the  cooling  region  of  the  combustion  products.  For  each  of 
the  positions  of  the  fixed  measuring  volume,  both  the  radial  and 
the  angular  (tangential)  correlation  coefficient  functions  were 
measured.  The  corrections  described  by  equations  (7)  to  (12) 
were  applied.  The  '2-point  distance'  6r  between  the  two 
measuring  volumes  was  normally  varied  up  to  10  mm  but  the 
experimental  facility  allowed  a  maximum  Sr  of  15mm.  In  order 
to  understand  the  effect  of  combustion  on  the  spatial  correlation 
of  the  velocity  fluctuations  the  same  measurements  were 
repeated  under  isothermal  conditions  for  otherwise  identical 
boundary  conditions. 


Fig.  9  Two-component  measurements  of  the  axial  profile  of 
50mm  in  tbe  flow  configuration  with  fine  grid 

Referring  to  figures  7,8,10  and  11,  the  measured 
correlation  coefficients  do  not  always  have  the  classical  shape 
with  an  asymptotic  approach  to  zero.  This  is  a  consequence  of 
non-homogeneous  turbulence  and  sometimes  the  correlation 
falls  to  zero  only  for  Sr  larger  than  10  mm,  where  the  measuring 
volumes  are  in  flow  regions  with  completely  different  flow 
structures.  Integrating  under  the  correlation  coefficient  curve  to 


2.2.6. 


determine  the  integral  length  scale  is  in  these  cases  not  feasible. 
The  determination  of  the  Taylor  microscale  is  also  vety  sensitive 
to  small  errors  in  the  correlation  coefficient  near  the  origin. 


2-point  radial  separation  [mm] 

Fig.  10  Transverse  spatial  correlation  coefficient 

function  (radial)  in  die  flow  configuration  with  fine  grid  for 
the  isothermal  and  the  combusting  case 

The  comparison  between  the  cases  of  the  isothermal  and 
the  combusting  flow  shows  that  the  scales  for  the  fixed 
measuring  volume  at  the  radial  position  of  5mm  (before  the 
flame  front)  are  approximately  equal.  This  means  that 
combustion  does  not  affect  the  flow  upstream  of  the  flame  front. 
Downstream  of  the  flame  front  (r=15mm  or  20mm)  the  scales 
change  significantly.  In  general  the  integral  scales  are  larger  due 
to  an  overall  expansion  of  the  flow. 

The  comparison  between  the  two  combusting  cases 
shows  that  in  the  case  of  the  fine  grid  the  radial  correlation  after 
the  flame  front  decays  rapidly  (small  Taylor  microscale),  while 


in  the  case  of  the  coarse  grid  the  behaviour  is  not  significantly 
different  before  and  after  the  flame  front.  This  could  mean  that 
the  larger  eddies  of  the  coarse  grid  "survive"  on  their  way 
through  the  flame  front,  while  the  smaller  eddies  of  the  fine  grid 
are  destroyed.  The  corresponding  Reynolds  shear  stress  (axial- 
radial)  profiles  show  that  for  the  fine  grid  the  shear  stress  is 
significantly  lower  than  for  the  coarse  grid,  although  the  normal 
stresses  are  of  the  same  order  of  magnitude. 


2-point  tangential  separation  [mm] 

Fig.  11  Transverse  spatial  correlation  coefficient 
function  (tangential)  in  the  Row  configuration  with  fine  grid 
for  the  isothermal  and  the  combusting  case 

The  tangential  correlations  show  that  the  microscales  do 
not  change  significantly  in  this  direction,  but  the  integral  scales 
expand.  The  expansion  of  the  integral  scales  in  the  tangential 
direction  is  more  evident  in  the  case  of  the  fine  grid,  for  which 
the  microscales  in  the  radial  direction  were  destroyed,  than  for 
the  coarse  grid. 


2.2.7. 


The  high  quality  of  the  flow  is  confirmed  by  the 
excellent  symmetry  or  anti-symmetry  of  the  two-component 
LDV-results. 


5.  CONCLUSIONS 

A  simple  two-point-LDV-setup  using  the  same  wave¬ 
length  and  optical  parameters  for  both  measuring  volumes  was 
designed,  built  and  tested  under  isothermal  and  combusting 
conditions.  The  parameters  affecting  the  accuracy  of  two-point 
measurements  and  the  role  of  uncorrelated  noise  were  discussed. 
A  correction  for  the  uncorrelated  noise  has  been  proposed. 
Representative  measurements  for  different  flow  configurations 
of  a  turbulent  flame  indicate  that  spatial  velocity  correlation 
coefficients  can  be  measured  with  well  designed  two-point  LDV 
systems.  The  integral  and  microscales  of  turbulence  can  in 
principle  be  deduced  from  these  correlations  to  assist  the 
understanding  of  the  turbulent  transport  phenomena  in 
combusting  flows.  In  practice,  however,  the  complicated  form  of 
the  correlation  coefficient  curves  in  non-homogeneous 
turbulence  may  prevent  a  reliable  determination  of  the 
turbulence  scales  even  with  correlation  data  of  high  quality. 
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ABSTRACT 

Turbulent  premixed  flames  stabilized  in  a  bluff-body  are 
experimentally  investigated  in  order  to  discuss  flame 
structure  and  morphology.  Integral  scales  were  measured 
within  the  reacting  flow,  based  on  the  integral  of  the 
lateral  velocity  correlations  obtained  by  using  two  laser- 
Doppler  velocimetry  systems.  The  quantitative  results 
obtained  are  compared  with  flame  shadowgraphs  and 
complemented  with  simultaneous  measurements  of  time- 
resolved  velocity  and  temperature  obtained  by  combining 
laser-Doppler  velocimetry  and  laser-Rayleigh  scattering. 
The  results  are  used  to  quantify  the  relative  magnitudes  of 
the  terms  involving  the  balance  equations  of  momentum, 
turbulent  kinetic  energy  and  heat  flux.  In  addition,  the 
interaction  of  pressure  gradients  and  temperature 
fluctuations  is  shown  to  affect  the  heat  release  in  the 
flame  studied,  revealing  the  existence  of  large  zones 
characterized  by  non-gradient  scalar  fluxes. 


1 .  INTRODUCTION 

In  the  past  many  attempts  have  been  performed  to  extend 
the  knowledge  on  laminar  flames  and  non-reacting  fluid 
mechanics,  to  turbulent  combustion,  but  turbulent 
mixing  in  flames  is  altered  by  the  accompanying  heat 
release  and  can,  as  consequence,  be  qualitatively  different 
from  that  occurring  in  non-reacting  flows.  Examples 
include  counter-gradient  diffusion,  e.g.  Libby  and  Bray 
(1981),  Bray  et  al.  (1985),  in  either  confined  non- 
premixed  swirling  flames,  Takagi  et  al.  (1985),  or  in 
unconfined  premixed  flames,  Heitor  et  al.  (1987),  Ferrao 
and  Heitor  (1993). 

Although  turbulent  flames  are  characteristic  of  most  of 
the  industrial  burning  devices,  their  physical  structure 
cannot  be  regarded  as  completely  understood  at  the 
present.  As  pointed  out  by  Borghi  (1985),  the  detailed 
study  of  the  fine-scale  fluctuating  structure  of  turbulent 
flames  is  very  difficult  to  investigate  experimentally  and, 
consequently,  theoretical  studies  based  on  physical 
assumptions  suffer  from  lack  of  validation.  This  is  the 
main  motivation  of  the  work  reported  in  this  paper. 


The  discussion  on  turbulent  flames  structure  and 
morphology  emerged  from  the  fifties  when  turbulent 
flames  were  divided  in  two  different  categories,  namely 
“wrinkled  laminar  flames”  and  “distributed  reaction 
zones”.  Work  performed  during  the  sixties  in  Russia,  e.g. 
Schelkin  (1968)  and  Talamov  et  al.  (1969),  suggested 
that  turbulent  flames  could  be  represented  by  either 
regimes,  depending  on  the  magnitude  of  turbulent 
intensity  and  the  turbulent  scales  compared  to  laminar 
flame  velocity  and  thickness.  The  need  for  an  intermediate 
combustion  regime  was  emphasized  by  Zimont  et  al. 
(1979),  who  justified  the  introduction  of  the  “thickened 
-flame  regime”. 

It  is  now  generally  accepted  that  the  definition  of 
turbulent  combustion  regimes  according  to  the  flame 
structure  and  morphology  is  based  on  the  magnitude  of 
turbulent  intensity  and  the  turbulent  scales  compared  to 
laminar  flame  velocity  and  thickness.  The  resulting 
diagrams  representing  the  combustion  regimes,  e.g. 
Borghi  (1985),  are  frequently  used,  although  they  should 
be  analysed  with  care  and  require  the  quantification  of 
characteristic  scales  which  are  not  generally  easy  to 
measure.  It  should  be  noted  that  the  boundaries  between 
combustion  regimes  are  not  as  sharp  as  derived  from 
physical  analysis  as  discussed,  for  example,  by  Poinsot  et 
al.  (1991),  through  the  direct  numerical  simulation  of  a 
flame  front  under  strong  curvature  effects.  The 
experimental  work  reported  in  this  paper  intends  to 
contribute  with  quantitative  data  on  these  aspects,  and 
includes  the  characterization  of  a  flame  in  the  “distributed 
reaction  zone”  regime.  The  main  characteristics 
theoretically  associated  with  this  regime  are  analyzed  and 
compared  to  the  experimental  data  obtained. 

The  work  follows  that  of  Ferrao  and  Heitor  (1993). 
which  has  assessed  the  extent  to  which  a  laser-Doppler 
velocimeter,  LDV,  may  be  used  for  the  analysis  of 
turbulent  heat  transfer  in  strongly  sheared  disc-stabilized 
propane-air  flames  through  its  combination  with  laser- 
Rayleigh  scattering.  The  present  paper  complements  this 
information  and  reports  measurements  of  lateral  integral 
scales  within  the  reacting  flow. 


2.3.1. 


The  remainder  of  this  paper  includes  three  sections.  The 
experimental  techniques  are  briefly  discussed  in  the  next 
section.  The  results  obtained  are  presented  and  discussed 
in  the  third  section  and  the  last  section  summarizes  the 
main  conclusions. 


2.  FLOW  CONFIGURATION  AND 
EXPERIMENTAL  METHOD 

The  analysis  considered  in  this  paper  refers  to  a  premixed 
propane-air  flame  stabilized  on  a  disc  of  D  =  0.056m 
diameter  located  at  the  exit  section  of  a  contraction  with  a 
diameter  of  0.080m.  The  flame  is  open  to  the  atmosphere 
to  facilitate  optical  access.  The  annular  bulk  velocity  at 
the  trailing  edge  of  the  disc  was  equal  to  19.5  m/s, 
resulting  in  a  Reynolds  number  based  on  the  disc 
diameter  of  71,000.  For  the  experiments  reported  here, 
the  equivalence  ratio  was  0.60  and  the  corresponding 
adiabatic  flame  temperature  is  1717  K.  The  rear 
stagnation  point  of  the  flame  is  located  at  an  axial 
position  of  110  mm,  or  x/D=  2.0. 

The  instrumentation  used  in  this  work  is  based  on  the 
combined  LDV/LRS  system  schematically  represented  in 
Fig.  la),  which  uses  a  single  laser  light  source  (5W 
Argon-ion  laser),  the  details  of  which  can  be  found  in 
Ferrao(1993). 

The  velocimeter  was  based  on  the  green  light  (514.5  nm) 
of  the  laser  and  was  operated  in  the  dual-beam,  forward 
scatter  mode  with  sensitivity  to  the  flow  direction 
provided  by  a  rotating  diffraction  grating.  The  calculated 
dimensions  of  the  measuring  volume  at  e1  were  606  pm 
and  44  pm.  The  Rayleigh  scattering  system  was  operated 
from  the  blue  line  (488  nm)  of  the  same  laser  source, 
which  was  vertically  polarized  and  made  to  pass  through  a 
5: 1  beam  expander.  The  light  converged  in  a  beam  waist 
of  50  pm  diameter,  and  was  collected  at  90°  from  the 
laser  beam  direction,  through  a  slit  of  1pm.  The  collected 
light  was  filtered  by  a  1  nm  interference  filter  and  passed 
through  a  polarizer  in  order  to  increase  the  signal-to-noise 
ratio.  A  calibration  procedure  was  implemented  in  order 
to  compensate  for  number  density  dependence  on  the 
chemical  composition.  Hie  uncertainty  on  the  average 
temperature  was  quantified  as  4%. 

For  the  measurements  of  spatial  velocity  correlations, 
the  laser  light  source  was  operated  in  multiline  and  the 
LRS  optical  system  was  replaced  by  a  second  dual-beam 
laser  velocimeter  mounted  on  a  positioning  system  which 
allows  the  displacement  of  the  control  volume  of  this 
system  relative  to  that  described  before,  figure  lb).  This 
second  LDV  was  based  on  the  green  light  (514.5  nm)  of 
the  laser  and  operated  in  backscatter  mode,  with 
sensitivity  to  the  flow  direction  provided  by  a  bragg  cell. 
Two  interference  filters  of  lnm  bandwith  were  used  in 


each  optical  collection  systems,  in  order  to  avoid  optical 
interference  between  the  two  systems. 
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Figure  1.  Schematic  diagram  of  the  instrumentation 

used: 

a)  combined  LDV/Rayleigh  scattering 
system 

b)  velocity  correlation  measuring  system 

Two  frequency  counters  (DANTEC,  model  55L96)  were 
used  to  process  the  Doppler  signals  and  a  maximum 
coincidence  time  of  lps  was  used  to  decide  upon  the 
simultaneity  of  the  measurements.  Each  measurement 
was  based  in  a  population  of  N=6144  valid  simultaneous 
velocity  time  series. 

Correlation  measurements  at  small  separations  can  be 
expected  to  be  influenced  by  the  spatial  resolution  of  the 
system.  However,  this  does  not  noticeably  affect  the 
determination  of  the  integral  length  scales,  which  are  the 
purpose  of  the  present  work.  The  consequence  of  the 
limited  spatial  resolution  is  that  the  velocity  correlation 
measured  for  nominally  zero  separation  is  never  equal  to 
unity.  In  practice,  this  is  mainly  because  the  measuring 
values  are  bigger  than  the  smaller  scales  of  the  flow. 

The  experimental  procedure  included  the  measurement  of 
the  axial  velocity  fluctuations  with  the  two  LDV 
systems,  respectively  uj  and  uj,  at  each  measuring 
location,  £,  which  was  followed  by  successive 
displacement,  £,  of  the  backscatter  system  up  to  a 
maximum  distance  L  of  17  mm.  This  procedure  allowed 
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the  measurement  of  the  lateral  velocity  correlation 
coefficient,  g(r,Q  for  a  location  r,  defined  as  : 


g(r.  0  - 


1 _ ui  (r)  ui  (r  +  £) 

*N‘1)  V uTMC)  V uj 2  (r  +  C) 


were  U]  represents  the  turbulent  velocity  fluctuations  of 
ui  . 


For  the  results  reported  here,  the  velocity  correlations 
obtained  were  divided  by  the  value  measured  at  zero 
separation,  which  was  generally  about  0.7. 


3.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

The  analysis  and  discussion  of  the  experimental  results 
presented  here  is  divided  in  three  parts.  The  first  discusses 
the  measurements  of  the  lateral  velocity  correlation 
coefficient  and  the  evaluation  of  the  integral  scales  along 
the  flame.  The  values  obtained  are  used  to  define  the 
combustion  regime  representative  of  the  flame,  which  is 
compared  to  theoretical  considerations.  Hie  last  section 
summarizes  the  main  mechanisms  inherent  to  the 
turbulent  transport  of  kinetic  energy  and  heat  fluxes  in 
the  flames  considered. 

3.1.  Integral  scales  of  turbulence 

The  integral  length  scale  of  turbulence  is.  to  a  certain 
extent,  a  measure  of  the  longest  connection,  or 
correlation  distance,  between  the  velocities  at  two  points 
of  the  flow  field.  It  is  reasonable  to  expect,  as  pointed  out 
by  Hinze  (1975),  that  the  degree  of  correlation  will 
decrease  as  the  distance  between  the  two  measuring 
points,  £,  is  increased  and  that,  beyond  some  finite 
distance,  L,  this  correlation  will  be  practically  zero. 
Thus,  the  integral  length  scale  of  turbulence,  1,  is  defined 
by: 

1*|  g(C)dC  =  j  g(C)dC 

The  measurements  of  the  lateral  velocity  correlation 
coefficient  were  performed  in  several  radial  positions 
located  at  two  characteristic  axial  locations  of  die  flame 
studied,  namely  at  the  rear  stagnation  point,  x/D=2.0,  and 
at  the  location  of  maximum  width  of  the  recirculation 
zone,  x/D=1.2.  Some  results  obtained  for  g(0  at  different 
points  for  each  location  are  represented  in  Figs.  2  and  3. 

The  shape  of  g(£)  is  qualitatively  similar  for  all  the 
conditions  studied,  but  it  can  be  clearly  concluded  that 
there  are  considerable  differences  in  the  values  of  the 
integral  length  scale  of  turbulence.  The  lateral  velocity 
correlation  coefficient  rapidly  decreases  to  zero  in  the 


points  located  at  the  reacting  shear  layer,  as  represented  in 
Fig.3,  while  within  the  recirculation  zone  the  correlation 
do  not  reach  zero  within  the  measuring  distance. 
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Figure  2.  Lateral  velocity  correlation  coefficient 
obtained  at  the  rear  stagnation  point,  x/D=2.0 
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Figure  3.  Lateral  velocity  correlation  coefficient  for  the 
axial  location  of,  x/D=1.2 

The  results  can  be  used  to  obtain  of  the  length  scales  and 
the  turbulence  intensity  characteristic  of  each  location 
measured,  as  represented  in  Table  1,  where  lfand  sL 
represent  the  laminar  flame  thickness  and  velocity, 
respectively.  It  is  shown  that  the  length  scales  inside  the 
recirculation  zone  are  of  about  10-12  mm  and  decrease  to 
about  3-4  mm  within  the  reacting  shear  layer.  These 
units  may  be  compared  with  the  qualitative  information 
provided  by  the  shadowgraphs  of  Fig.  4,  although  this 
technique  integrates  over  the  line  of  sight  and  the 
information  along  that  line  is  not  unique  and  must  be 
considered  with  some  precaution. 
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Figure  4.  Shadowgraphs  of  the  flame  studied 


Nevertheless,  qualitative  information  on  integral  scales 
derived  from  Fig.4  agrees  with  the  results  reported  in 
Table  1.  Once  the  technique  is  sensitive  to  the  second 
derivative  of  the  index  of  refraction,  i.e.  the  density,  the 
results  suggest  the  existence  of  regions  of  strong 
curvature  of  the  flame  front 

3.2.  Combustion  regime  characterization 

The  non-dimensional  Damkbler  (Da)  and  Karlovitz  (Ka) 
numbers  reported  for  the  flame  studied  are  presented  in 
Table  1,  and  show  that  the  flame  is  in  the  transition  of 
the  “distributed  reaction  zone”  regime,  because  Da-1  and 
Ka>l.  At  this  combustion  regime,  thin  reaction  zones 
may  be  generated  locally  and  quenched  by  flame 
stretching,  thus  characterizing  a  turbulent  flame  as  a 


thickened-wrinkied  flame  with  possible  extinctions, 
Borghi  (1985).  As  a  consequence,  the  probability  of 
finding  gases  in  an  intermediate  state  is  not  negligible, 
which  means  that  a  probability  density  function  of 
temperature  in  any  point  should  have  a  near  bimodal 
shape  with  a  significant  population  between  combustion 
reactants  and  products. 

This  analysis  was  experimentally  validated  from  the 
simultaneous  velocity-temperature  measurements 
performed  in  the  reacting  shear  layer  and  shown  in  Fig.5, 
which  represents  the  joint  probability  density  function  of 
velocity  and  the  progress  reaction  variable, 
c=(T-T0)/(Ta(j-T0).  The  results  confirm  that  the  reacting 
shear  layer  is  characterized  by  large  temperature  and 
velocity  fluctuations  were  local  extinction  in  the  inner 
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reaction  layer  is  expected  to  occur  due  to  straining  caused 
by  the  small  eddies.  The  results  validate  the  theoretical 
analysis  available  for  the  combustion  regime  identified 
before. 


Figure  5.  Typical  joint  probability  density  function  of 
velocity  and  progress  reaction  variable  for 
the  reacting  shear  layer 

9.3.  Balance  equations  for  Turbulent  Kinetic 
Energy  and  Heat  fluxes 

This  section  gives  details  of  the  characteristics  of  the 
flame  at  X/D=1.2,  and  summarizes  the  main 
mechanisms  inherent  to  the  transport  of  turbulent  kinetic 
energy  and  heat  fluxes.  Fig.  6  represents  the  mean 
velocity,  progress  reaction  variable  and  turbulent  velocity 
fluctuations  across  this  axial  section  of  the  flame.  It  can 
be  concluded  that  the  recirculation  zone  is  characterized  by 
homogeneous  temperatures  and  that  its  limit  is  located  at 
r/D-0.4.  The  maximum  turbulence  intensity  occurs  at  the 
location  of  the  maximum  gradients  of  mean  velocity  as 
predicted  by  gradient  models,  and  the  turbulence  is  not 
isotropic,  as  the  axial  velocity  fluctuations  in  the  shear 
layer  is  about  twice  the  intensity  of  the  radial  and  the 
tangential  velocity  fluctuations. 

The  terms  in  the  transport  of  axial  and  radial  momentum 
have  been  calculated  from  the  measurements  and  are 
shown  in  Figs.  7  and  8.  The  mean  pressure  gradients 
have  been  found  by  addition  and  are  dominated  by  the 
difference  between  two  large  terms,  namely  the 
convection  terms  (also  the  diffusion  term  in  the  balance 
of  radial  momentum).  The  pressure  gradients  represent  an 
important  source  or  sink  of  radial  momentum,  which  is 
to  be  expected  because  of  the  large  streamline  curvature. 


Figure  6.  Radial  profiles  of  mean  velocity,  progress 
reaction  variable  and  turbulent  velocity 
fluctuations  for  the  axial  location  of  x/D=1.2 

The  mean  pressure  gradient  also  appears  in  the  transport 
equations  for  turbulent  kinetic  energy,  whose  most 
significant  terms  are  represented  in  Fig.9.  In  the  core  of 
the  annular  jet,  turbulence  production  by  normal  stresses 
is  negative  and  convection  is  the  largest  term  and 
represents  a  loss.  In  the  shear  layer,  the  major 
contribution  to  the  production  of  turbulent  kinetic  energy 
is  due  to  the  interaction  between  shear  stresses  and  shear 
strains.  The  production  by  the  interaction  of  pressure 
gradients  and  velocity  fluctuations  is  negligible  all  over 
the  flow  field. 
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Figure  7.  Terms  involved  on  the  balance  equation  of 
axial  momentum 
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The  turbulent  axial  and  radial  heat  fluxes  measured  with 
the  LDV/LRS  system  across  this  axial  location  are 
represented  in  Fig. 10  and  are  restricted  to  the  thin  zone 
along  the  shear  layer  where  the  radial  gradients  of  mean 
temperature  are  large.  These  quantities  represent  the 
exchange  rate  of  reactants  responsible  for  the  phenomena 
of  flame  stabilization  and  the  results  show  that  the  axial 
fluxes  are  higher  than  the  radial  values.  This  reveals  non¬ 
gradient  transport  of  heat,  as  the  isotherms  in  this 
location  are  axially  aligned.  It  should  be  noted  that  radial 
fluxes  are  positive,  as  expected  in  a  recirculating  flame 
(Heitor  et  al.,  1987). 


d/dx  p  UV 
t/r  d/dr  (r  p  V  2 ) 


d/dx  p  uV* 


— 0 —  1/r  d/dr  (r  p  v"*) 

— x —  -  1/r  p  w"2 
— ■ —  dp/dr 


The  flame  is  then  stabilized  by  the  heat  transfer  between 
the  hot  products  and  the  cold  reactants  with  the  sign  of 
the  radial  heat  flux  opposite  to  that  derived  from  gradient- 
transport  models.  Similar  behaviour  has  been  observed  in 
the  turbulent  premixed  flames  of  Ferr5o  and  Heitor 
(1993)  Heitor  et  al.  (1987)  and  has  also  been  predicted 
analytically  by  Bray  et  al.  (1985). 


Figure  8.  Terms  involved  on  the  balance  equation  of 
radial  momentum 


Figure  9.  Terms  involved  on  the  balance  equation  of 
turbulent  kinetic  energy 


Figure  10.  Axial  and  radial  velocity  correlation 
components 

The  non-gradient  heat  transport  has  been  associated  to  the 
preferential  deceleration  of  the  light  products  of 
combustion  relative  to  the  cold  reactants,  due  to  the 
interaction  between  the  mean  adverse  pressure  gradients, 
typical  of  the  present  recirculating  flow,  and  the  large 
density  fluctuations  characteristic  of  reacting  flows  This 
can  be  confirmed  by  the  analysis  of  the  terms  involved  in 
the  transport  equations  for  the  axial  and  radial  heat  flux 
that  are  represented  in  Figs.  1 1  and  12,  respectively.  The 
evidence  is  that  the  interaction  between  the  mean  adverse 
pressure  gradients  and  the  large  temperature  fluctuations 
that  occur  in  the  present  flame  is  important  and  influence 
the  turbulent  heat  transport  in  recirculating  (lames. 
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Figure  11.  Terms  involved  on  the  balance  equation  of 
axial  heat  flux 


Figure  12.  Terms  involved  on  the  balance  equation  of 
radial  heat  flux 


4.  CONCLUSIONS 

Time-resolved  simultaneous  measurements  of  velocity 
and  temperature,  together  with  those  of  the  spatial 
correlations  of  velocity,  have  been  obtained  by 
combining  laser-Doppler  veiocimetry  and  laser-Raleigh 


scattering  and  using  two  laser  velocimeters,  respectively, 
in  a  turbulent  recirculating  premixed  propane-air  flame. 

The  spatial  velocity  correlations  within  the  flow  were 
used  to  analyze  the  extent  to  which  turbulent  mixing 
interacts  with  combustion,  changing  the  flame  structure 
and  morphology.  The  experimental  results  were  used  to 
validated  currently  accepted  theoretical  descriptions  of 
turbulent  combustion  regimes. 

The  velocity-scalar  correlations  measured  were  used  to 
quantify  the  relative  magnitudes  of  the  terms  involving 
the  balance  equations  of  momentum,  turbulent  kinetic 
energy  and  heat  flux.  It  was  concluded  that  the 
interaction  of  pressure  gradients  and  temperature 
fluctuations  is  shown  to  affect  the  heat  release  in  the 
flame  studied,  revealing  the  existence  of  large  zones 
characterized  by  non-gradient  scalar  fluxes. 
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ABSTRACT 

The  temperature  and  velocity  are  simultaneously 
measured  in  a  turbulent  nonpremixed  flame.  The  goal  of  the 
method  is  to  use  two  independent  techniques  while 
minimising  pre-seuing  at  the  time  of  acquisition.  All  the  data 
reductions  are  made  by  post-processing,  lime  coincidence 
between  the  two  velocity  components,  numerical 
compensation  for  thermocouple  signal,  temperature  signal 

reconstruction  for  the  u'ff  correlation.  By  using  a  computer, 
one  can  remake  the  data-processing  to  point  out  the  influence 
of  reduction  parameters  on  the  RMS  or  cross-correlation 
values.  For  example,  by  modifying  the  coincidence  window, 
one  can  see  the  biases  or  time  integrating  effects.  In  the  same 
way,  the  thermocouple  time  constant  can  be  adjusted  with 
respect  to  velocity  and  temperature.  An  application  of  this 
technique  is  given  on  a  turbulent  non-premixed  methane-air 
flame  from  a  bluff-body  type  burner.  Coupling  between 
aerodynamic  and  combustion  are  quantified.  The  mechanism 
of  flame  stabilisation  by  rcignition  of  the  downstream 
reaction  zone  can  be  explained. 


1 .  INTRODUCTION 

The  simultaneous  measurement  of  velocity  and 
temperature  in  turbulent  flame  provides  a  belter  understanding 
of  coupling  between  aerodynamics  and  combustion.  Same, 
mathematical  models  (like  Rjj  models)  must  be  validated  by 
this  type  of  measurements.  In  particular,  for  intermittent 
flames,  data  for  cross-correlation  between  velocity  and 
temperature  arc  necessary,  along  with  information  on  large 
scale  structures.  To  carry  out  these  experiments,  wc  use  an 
association  of  two  techniques.  Laser  Doppler  Velocimciry 
(LDV)  and  numerically  compensated  fine-wire  thermocouple. 

Today,  measurement  of  the  velocity  by  LDV  is  well 
established.  However,  when  studying  a  turbulent  diffusion 
flame,  some  difficulty  remains  to  measure  in  the  mixing  zone, 
due  to  unequal  seeding  of  the  two  streams  (Labbaci  et  al. 
1988).  For  temperature,  non  intrusive  optical  methods  arc 
promising.  But  these  techniques,  such  as  CARS,  have  a  poor 
spatial  resolution  and  are  not  presently  time  resolved  (Goss  ct 
al,  1988).  For  Rayleigh  scattering,  presence  of  particles 
limits  coupling  with  LDV  (Dibble  et  al,  1981).  Then,  in  spite 
of  its  limitations,  the  thermocouple  technique  is  the  most 
adapted  method  to  be  coupled  with  LDV  (Yanagi  &  Mimura 
1981,  Heitor  et  al  1985). 


One  of  the  particularity  of  this  work  is  to  combine  two 
opposite  methods  in  the  way  data  acquisition  should  be  made. 
A  fixed  sampling  rate  of  the  temperature  signal  is  needed  for 
numerical  compensation  whereas  velocity  is  sampled  with 
random  particle  arrivals.  With  a  dedicated  electronic,  a 
simultaneous  acquisition  of  temperature  and  velocity  signal 
can  be  obtain  (Heitor  et  al,  1985).  but  this  approach  requires 
many  electronics  communications  between  the  temperature 
and  LDV  acquisition  systems.  Another  way  to  acquire 
temperature  and  velocity  in  time  coincidence,  is  to 
independently  measured  temperature  and  velocity  and  then,  by 
a  post-processing,  mathematically  reconstruct  (Wills  1991) 
the  temperature  signal  for  each  velocity  component.  This 
method  is  used  here  for  calculating  the  temperaturc/vclocity 
cross-correlations. 

The  velocity  component's  acquisition  is  made 
independently  on  each  channel,  to  keep  all  the  validated 
bursts  on  the  two  channels  in  a  given  measurement  time.  The 
lime  coincidence  between  the  two  components  is  achieve  by  a 
post  processing  on  a  computer.  Wc  discuss  below  what  this 
type  of  velocity  acquisition  and  processing  can  provide 
(Carey  1986). 

A  brief  explanation  of  the  thermocouple  lime  constant 
measurement  and  interactive  numerical  compensation  are  also 
given. 

Mean,  RMS  and  cross-correlation  fields  of  u,  v,  8 
measured  in  a  Bluff-Body  stabilised  flame  are  presented  in 
Figures. 

2.  EXPERIMENTAL  APPARATUS  AND  METHOD 
2.1  Velocity  Measurement 

For  the  two  velocity  component  measurements  a  two 
colors,  dual  beam,  real  fringe  in  backscaltcr  mode  TS1  LDV 
system  is  used.  The  table  1,  gives  its  principal 
characteristics.  Axial  velocities  arc  measured  using  the  green 
line  and  the  radial  components  with  the  blue  line  from  an 
argon-ion  laser  (1.5  Wall).  After  the  beam  splitter,  40  MHz 
Bragg-cclls  are  used  to  eliminate  directional  ambiguity  in 
each  component.  The  photomultiplier  output  signals  arc 
analysed  by  two  TSI  1990C  processors.  The  MI  990  multi¬ 
channel  interface  enables  data  transfer  from  counters  into 
computer  memory  through  direct  memory  access  (DMA).  This 
interface  is  also  used  to  give  the  lime  between  data  (TBD). 
providing  lime  scries  data. 
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2.2  Temperature  Measurement 


2.3  Acquisition  Control 


The  temperature  fluctuations  arc  measured  with  a  fine 
wire  thermocouple  of  fifty  micrometer  diameter  (Pt-Rh 
6/30%).  The  thermocouple  junction  is  made  by  welding  with  a 
capacitive  discharge.  Reproductive  junction  without  bead  are 
made  with  this  technique. 


Optics  (TSI) 

half  angle 

K  (°)  4.95 

focal  f 

(mm)  476 

wavelength  1 

(nm)  514.5 

488 

number  of  fringes 

19 

18 

fringe  spacing  df 

(pm)  2.98 

2.87 

volume  diameter  dm 

(pm)  55.5 

52.6 

volume  length  Im 

(pm)  580. 

549. 

Acquisition  (TSI) 

counter  processors 

1990C  (X2) 

timers 

1995B  (X2) 

interface 

MI  990 

Seeding 

PALAS  (RBG  1000)  brush  seeders  for  air  and  methane  |cts. 

ZK>2  panicles  <  1  pm  (DEGUS  A) 

_ 

LDV  Pre-setting 

Number  of  cycles/burst 

16 

16 

Comparison 

(%)  1 

1 

HI  Limit  Filter 

(MHz)  20 

20 

LO  Limit  Filter 

1 

1 

Table  1.  Principal  characteristics  of  LDV  system 

A  correct  length  I  of  the  wire  (12  mm)  is  used  to  make 
heat  conduction  losses  negligible  ( lllc  >  10  where  Ic  is  the 
cold  length  lc  =  (atf  ,  a  is  thermal  wire  diffusivity  and  r  the 
thermocouple  time  constant.  Paranthocn  ei  al.  1982).  The 
fine  wire  is  flame  welded  on  two  250  pm  diameter  intermediate 
support  wires.  Then,  these  last  wires  are  also  welded  on  end 
support  wires  of  500  pm  diameter  (see  Figure  l).  This  design 
is  intended  to  reduce  support  wire  wake  and  to  minimise  the 
distance  between  the  ceramic  support  exit  and  the  probe 
volume  while  keeping  a  good  probe  rigidity.  The 
thermocouple  signal  is  first  amplified  (x  100)  by  a  low  noise 
preamplifier  (Stanford  Research  512)  before  been  digitised 
with  a  12  bit  digital  oscilloscope  (Nicolct  4094C). 


Fig.  1  Thermocouple  design. 


A  software  has  been  developed,  under  Microsoft 
Windows  3.1.  to  control  the  data  acquisition  and  storage 
(Corbin  el  al,  1992).  The  computer  operates  in  DMA  mode  to 
get  measurements  from  the  two  LDV  channels  with  random 
arrival,  while  the  thermocouple  signal  is  regularly  sampled 
and  stored  by  an  independent  digital  oscilloscope.  The 
temperature  and  velocity  synchronisation  is  also  lake  on  by 
the  software  which  drives  the  oscilloscope  trigger  and  the 
DMA  transfer  of  the  LDV  system. 

The  number  of  samples  stored  by  the  oscilloscope  is 
15872.  Then,  for  a  5  kHz  sampling  rate,  the  time  duration  of  a 
data  acquisition  is  limited  to  3.1744  seconds.  The  low 
thermocouple  sampling  rate  is  a  compromise  between  time 
duration  of  data  acquisition  (to  resolve  low  frequency 
fluctuation)  and  the  LDV  sample  size.  During  this  lime,  we 
acquire  all  the  validated  Doppler  bursts  on  each  channel 
without  any  time  coincidence  control  and  then  increasing  the 
data  rate  (Carey  1986).  This  type  of  acquisition  is 
advantageous  in  the  recirculation  zone  where  the  particles 
concentration  is  low.  When  the  oscilloscope  has  finished  one 
acquisition,  the  computer  slops  the  DMA  transfer  and  the 
temperature  data  arc  transferred  from  the  oscilloscope  to  the 
PC  through  an  IEEE  488  interface.  A  “real  time"  visualisation 
of  the  mean  and  fluctuations  velocity  profiles  on  the 
computer  screen  provides  a  monitoring  of  the  measurement  in 
progress. 


Fig  2  Arrangement  of  signal  processing  instrumentation 


When  all  the  measurements  arc  achieved  throughout  the 
flame  field,  the  data  processing  is  carried  out  by  a  dedicated 
software  on  a  SUN  work  station. 


DATA  REDUCTION  PROCESSING 


The  axial  distance  between  the  thermocouple  junction 
and  the  LDV  probe  volume  was  less  than  1  mm.  The  influence 

of  this  distance  on  the  u'ff  correlation  was  clearly  discuss  by 
Heitor  et  al  (1985)  and  are  taken  into  account. 


3.1  Velocity  Time  Coincidence 

Because  each  velocity  component  arc  measured 
independently  from  each  other,  a  coupling  in  lime  between 
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the  two  components  is  necessary  to  calculate  the  uV 

correlation. 

To  find  time  coincidence  between  u(t)  and  v(t )  we  used  a 
very  simple  algorithm.  Its  principle  is  to  scan  if.  inside  a 
time  window  of  size  At,  there  is  measured  points  on  both 
series.  If  they  exist,  these  velocities  are  say  to  be  in 
coincidence  with  the  other.  Then  we  move  the  window  along 
the  time  series  data  for  an  other  coupling  research.  If.  in  the 
coincidence  window,  more  than  one  data  point  exists,  the 
mean  value  is  calculated  and  stored,  created  a  low  pass  filter. 
The  advantages  of  this  procedure  are  to  keep  all  the  validated 
burst  of  the  data  acquisition  and  to  control  coincidence  bias. 
Nowadays,  with  the  continuous  computer  technology 
progress,  this  type  of  processing  can  be  done  without 
excessive  computer  time. 

3.2  Temperature  Signal  Processing 

Numerical  compensation.  The  gas  temperature  fluctuations  arc 
calculated  from  the  simplified  energy  balance  equation: 

Tg  =  Tw+  (I) 

*  dl 

where  Tg  is  the  gas  temperature  and  Tw  the  thermocouple 
temperature.  The  thermocouple  time  constant  depends  on 
temperature,  velocity  and  gas  composition  (Heitor  el  al. 
1985).  A  numerical  compensation  was  preferred  to  an 
analogue  circuit  because  it  can  take  into  account  some  of 
these  dependencies  (Heitor  et  al,  1985),  as  the  gas 
temperature  with  iterative  loop  and  the  velocity  by  the 
instantaneous  LDV  measurement  for  time  constant 
adjustment. 


A  comparison  of  the  measured  and  theoretical  value 
time  constant  is  shown  for  air  and  methane  flow  (Tg  -  480  K). 
Wc  notice  a  ratio  between  measured  air  and  methane  time 
constant  of  approximately  0.65,  as  previously  observed  by 
Heitor  el  al  (1985)  (Figure  3).  This  is  due  to  the  large  heat 
conductivity  (A)  difference 

fcil4  _  A air 
xair  A C//4 . 

In  Figure  3.  lo  calculate  ihc  theoretical  values  of  time 
constant: 

T =pcS_ 

4NuAg 

the  Nussclt  number  is  evaluated  by  the  Kramers  (1946)  and 
Collis  &  William  (1959)  laws.  Thermophysical  properties  of 
gases  arc  estimated  using  Touloukian  (1970,  1975)  tables. 
Given  the  small  differences  between  measured  and  calculated 
time  constant  values,  wc  use  the  Kramers  expression  to 
compute  the  Nusselt  number.  To  take  into  account  local  gas 
composition,  the  mean  concentration  values  of  methane  are 
used  to  adjust  lime  constant  at  each  measurement  location. 

3.3  Temperature-Velocity  Correlation 

To  calculated  the  v'6‘.  u'6‘  correlation  or  lo  determine 
the  joint  probability  distribution,  wc  apply  first  the  Nyquisl 
interpolation  formula  to  reconstruct  the  thermocouple  signal 
(Wills.  1991)  at  the  lime  of  the  velocity  measurement  and 
then  the  numerical  compensation  algorithm.  The 
interpolation  formula  is: 


Time  constant  measurement.  The  thermocouple  time  constant 
was  measured  by  the  laser  heating  method  (Nina  et  al.  1985). 
The  thermocouple  is  placed  in  a  laminar  heated  gas  flow  al 
temperature  Tg.  With  a  laser  sheet  (7  Watt),  the  thermocouple 
junction  temperature  is  increased  to  temperature  T h-  Then,  a 
shutter  is  triggered  and  blocks  the  laser  beam,  while  the 
decreasing  temperature  signal  is  store  by  a  digital 
oscilloscope.  The  time  constant  is  then  calculated  from  this 
signal. 


flow. 


TJ0  =  X  Tw(k)S^,kn> 

.  nfe‘  ■  ** 

K  —  •  00 

coupled  with  a  fast  algorithm  lo  accelerate  the  series 
convergence  (Boyd  1992).  The  only  restriction  to  use  the 
reconstruction  is  that  the  signal  should  not  contain  frequency 
greater  than  half  the  sampling  frequency.  That  can  be 
guaranteed  by  using  a  high  order  Butterworth  digital  filler. 
This  method  provides  calculation  of  the  temperature-velocity 
correlation  on  all  the  validated  burst  and  not  only  on  the 
velocity  measurements  in  time  coincidence. 


4  MEASUREMENTS  IN  A  NONPREMIXED TURBULENT 
FLAME 

4 . 1  Flow  Configuration 

Axisymmctric  Bluff-Body  burners  have  been 
investigated,  in  previous  studies,  for  different  configurations 
(Scheffer  et  al  1987.  Kelly  et  al  1989.  Perrin  et  al  1990. 
Nanta/tan  el  al  1993).  In  this  study,  one  of  the  configurations 
was  used,  with  a  blockage  ratio  of  83%.  This  burner  consisted 
of  a  central  5.4  mm  diameter  methane-supply  lube,  located  in 
the  center  of  a  50  mm  cylindrical  bluff  body.  The  annular  air 
jet  outer  diameter  was  55  mm.  The  exit  bulk  velocity  is  7.5 
m/s  for  the  air  jet  and  21  m/s  for  the  methane  jet. 

4.2  Mean  and  RMS 

The  flame  length  is  about  50  cm.  but  the  measurement 
/one  investigated  is  limited  to  [5,  160|  mm  from  the 
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Fig.  4  Mean  temperature,  combustion  in  the  recirculation 
zone  in  the  first  35  mm  then  partial  extinction  (40- 
100)  mm  and  the  reignition  zone. 
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Fig.  5  The  velocity  fields  show  the  recirculation  /ones  of 
air  and  methane  flow  and  the  methane  jet 
penetration.  The  air  flow  turn  in  clockwise  while 
methane  flow  in  anticlockwise. 


burner  exit  for  the  axial  distance  and  to  (-27.5.  7)  mm  for  the 
radial  distance.  In  this  domain,  wc  could  observe  two 
combustion  zones  in  the  flame:  one  in  the  recirculation  zone 
and  another  higher  in  the  flame.  By  a  careful  visual 
observation,  one  can  notice  stretched  flame  packets  escaping 
from  the  recirculation  zone  and  transported  further 
downstream  through  an  extinction  zone.  This  phenomenon  is 
confirmed  by  analysing  the  mean  temperature  field  (sec 
transfer  zone  in  Figure  4).  These  packets  have  a  preferential 
transfer  path,  at  =  -10  mm  from  the  axis  burner,  that  can  be 
seen  on  Figure  4  with  the  contour  lines  ()584,  676]  K)  at  x  = 
-10  mm.  z  =  70  mm  location.  Then,  the  recirculation  zone 
plays  a  critical  role  in  reignition  of  the  second  combustion 
zone. 

The  mean  velocity  Held,  of  the  Figure  5,  clearly  shows 
the  recirculation  zone  of  the  air  and  methane  flow.  The  high 
radial  velocity  gradient  near  the  methane  jet  exit  is  well 
resolved  by  the  adapted  fine  mesh. 
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Fig.  6  Axial  velocity  fluctuations. 

As  shown  by  Figure  6.  the  velocity  fluctuation  level  in 
the  recirculation  zone  are  very  low  and  the  maximum  RMS  is 
found  in  the  methane  shear  layer.  The  same  factor  2,  in  favour 
of  axial  fluctuation,  between  the  two  velocity  fluctuations  is 
found,  as  Sheffer  el  al  (1987).  in  the  shear  zone  of  the 
methane  jet. 

During  the  experience  no  particles  accumulation  on  the 
fine  wire  for  a  (5-110)  mm  axial  distance  from  exit  burner  was 
noticed,  the  turbulent  flow  appeared  to  clean  the 
thermocouple.  At  the  opposite,  for  the  distance  over  110  mm. 
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the  turbulence  level  became  low  and  a  cleaning  of  the 
thermocouple  was  frequently  needed. 

4.3  Evolution  of  the  Velocity  Statistics  with  the  Time 
Coincidence  Window 

For  all  these  tests,  the  measurements  are  taken  at  7  mm 
from  the  burner  exit  and  without  combustion.  At  this  height, 
the  air  jet.  recirculation  zone  and  the  methane  jet  arc  clearly 
distinct  on  the  mean  velocity  profiles. 
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Fig.  7  Mean  axial  (U)  and  radial  (V)  velocity  profiles  for 
different  lime  coincidence  window  sizes. 


Figure  7  shows  that  the  size  of  coincidence  window  has 
no  significant  effect  on  the  mean  profiles  (for  the  studied 
range). 
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Fig.  8  Comparison  between  velocity  cross-correlation 
coefficient  given  by  counters  and  by  our  software. 

A  comparison  is  also  given  for  the 

p.v  =  uv/  |  u  v  ’  j  correlation  found  with  coincidence 

selected  from  the  counters  and  the  coincidence  made  by  our 
method  (see  Figure  8).  With  this  procedure  it  is  also  possible 
to  verify  if  the  velocity  samples  used  for  the  coincidence  are 


randomly  selected  (bias  problem).  Figure  9  shows,  that  in 
shear  zones,  RMS  values  computed  with  ail  samples  ( au .)  may 
be  different  from  those  obtained  from  coincident  samples 
(<JUC).  In  the  high  shear  layers,  where  small  scales  of 
turbulence  are  dominant.  auc  is  higher  the  au.  In  the 
opposite,  in  the  recirculation  zone.  Ouc  is  lower  than  au. 
Then,  the  time  coincidence  procedure  behaves  differently 
depending  on  the  turbulence  scale  distribution  in  the  velocity 
sample. 

4.4  Temperature  fluctuations 

From  the  transfer  equation  (1)  we  define  rj.  the 
numerical  compensation  efficiency  as  the  effective  fractional 
energy  temperature  spectrum  restored  by  the  numerical 
compensation  on  the  energy  temperature  spectrum  restored  by 
an  ideal  compensation  up  to  a  fixed  frequency.  The  efficiency 
is  a  function  of  the  signal  sampling  frequency,  the  type  of 
compulation  method  used  to  calculated  jrw/di,  and  the  level 
of  the  background  noise  (Nevcu  1993). 


where  7  c  is  the  sampling  period  and  a)  the  pulsation  (2zt/) 
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Fig.  9  Influence  of  the  lime  coincidence  window  on  the 
axial  RMS  velocity.  auc  is  the  RMS  after 
coincidence. 

The  relation  (2)  is  calculated  with  a  classical  central 
difference  derivative  scheme: 

jj  —  7  n*  I  -  Tn-I 
di  2  At 

and  with  the  assumption  that  T  is  constant.  Figure  (10)  shows 
the  previous  relation  and.  for  example,  for  a  5  kHz.  sampling 
rate  signal,  up  to  I  kHz.  the  thermocouple  can  restore  about 
US'S,  of  the  total  initial  energy. 
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Normed  frequency,  fife 

Fig.  10  Numerical  compensation  efficiency,  fe  is  the 
sampling  frequency. 

The  use  of  higher  order  to  calculated  the  temporal 
derivative,  ST wldt,  increase  the  efficiency  of  the  numerical 
compensation  up  to  97%  (below  1  kHz),  but  became  very 
sensitive  to  the  background  noise  (Neveu  1993).The  question 
is  to  know  what  are  the  contribution  of  the  high  frequencies 
in  the  total  energy  of  the  temperature  spectrum.  Heitor  et  al 
(198S)  compares  the  cumulative  spectrum  of  the  signal 
measured  and  compensated  with  a  15  and  40  uni 
thermocouple. 
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Fig.  1 1  Velocity  cross-correlation  coefficient,  for  a  50  ps 
time  coincidence  window. 


The  energy  difference  found  between  the  two  wires  is 
5%  and,  below  1  kHz,  the  energy  is  about  90%  of  the  total 
energy.  The  same  type  of  comparison  is  made  by  Talby  el  al 
(1990)  between  a  platinum  cold  wire  (0.63  pm)  and  a 
compensated  thermocouple  (50  pm)  in  a  strongly  heated 
turbulent  jet.  They  found  that,  below  1  kHz  the  variance 
contribution  is  93  %  of  total  energy  and  shows  a  good 
similarity  between  cold  wire  and  compensated  thermocouple 
spectrum.  We  can  reasonably  estimate  that,  with  the  5  kHz 
sampling  rate  and  with  the  thermocouple  time  constant 
adjustment  with  velocity  and  temperature,  the  maximum 
energy  restored  is  about  80%  of  the  initial  total  energy. 

4.5  Temperature  and  velocity  coupling 

To  calculate  the  cross-correlation  velocity  coefficient 
(Puv)  wc  used  the  technique  previously  describe,  with  a 
coincidence  window  of  50  ps. 
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Fig.  12  Radial  velocity-temperature  cross-correlation 
coefficient. 

The  correlation  values  show  the  recirculation  zone 
curvature  (see  Figure  11).  The  coupling  between  the  two 
velocity  components  is  very  important  along  the 
rccircula'ion  zone  and  near  the  same  flame  packet  transfer 
zone  previously  described. 
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Fig.  13  Joint  probability  distribution  p(v.  Tg)  of  radial 
velocity  and  temperature  (jc  =  -17  mm.  :  =  30  mm) 

The  Figure  12  shows  that  radial  velocity  fluctuations 
inside  the  recirculation  zone  are  of  the  same  sign  of  the 
temperature  fluctuation.  On  the  upper  side  of  the  recirculation 
zone  the  two  fluctuations  are  in  opposite  sign.  The  toint 
probability  distribution  of  Figure  13  shows  two  distinct 
peaks  resulting  of  the  intermittent  nature  of  the  flow  in  the 
transfer  zone.  A  first  peak  is  centred  at  high  temperature 
(1700  K)  and  low  radial  velocity  (1  m/s)  while  a  second  one  is 
centred  at  low  temperature  (1000  K)  and  high  radial  velocity 
(5  m/s). 


Fig.  14  Joint  probability  distribution  ptu.  Ip i  of  axial 
velocity  and  temperature  (x  =  -17  mm.  z  =  30  mm). 

The  same  shape  is  observed  for  the  joint  probability 
distribution  p(u,  Tg)  on  Figure  14,  where  the  two  peaks  arc 
located  for  slightly  different  axial  velocities  (4  and  5.5  m/s). 
The  joint  probability  p(u.  v)  shows  that  the  lowest  axial 
velocity  is  associated  with  the  lowest  radial  velocity  and  the 
highest  axial  velocity  is  associated  with  the  highest  radial 
velocity.  Then,  we  can  conclude  that  the  flame  packets  escape 
from  the  recirculation  zone  when  the  velocity  vector  is  nearly 
parallel  to  the  axial  axis  (u  -  4  m/s,  v  *  1  m/s.  Tg  =  I 700K). 
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Fig.  15  Joint  probability  distribution  p(u,  v)  of  axial  and 
radial  velocity  (x  =  -17  mm.  z  =  30  mm). 

The  phenomena  visually  observed  in  §4.2  is  confirmed 
and  quantified  by  our  measurements  and  analysis. 
Furthermore,  the  rcignition  mechanism  is  characterised. 


SUMMARY 

The  simultaneous  measurement  of  velocity  and 
temperature  in  turbulent  nonpremixed  flame  was  made  by  use 
of  LDV  and  numerically  compensated  fine  wire  thermocouple. 

-  Independent  acquisition  on  each  LDV  channel  is  used 
to  keep  all  the  validated  burst,  while  thermocouple 
signal  is  sampled  with  a  fixed  frequency.  All  data 
processing  is  carry  out  after  acquisition  by  a  dedicated 
software,  providing  more  control  on  parameters  such 
as  RMS  velocity  time  constant  adjustment, 
coincidence  window. 

The  simultaneous  velocity  and  temperature 
measurement  gives  information  on  how  the 
temperature  fluctuations  are  dependent  of  velocity. 

-  Numerous  studies  were  made  on  Bluff-Body  stabilised 
flames  by  several  authors  using  classical  diagnostic 
techniques.  For  the  configuration  studied  in  this 
paper,  an  extinction  zone  separating  two  combustion 
zones  was  observed.  By  coupling  two  classical 
methods  and  using  extensive  computerised  post¬ 
processing.  we  have  demonstrate  the  mechanism  of 
flame  rcignition  in  the  second  reaction  zone  of  a 
Bluff- Body  flame  by  packets  transport  though  an 
extinction  zone. 
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ABSTRACT 

A  method  for  the  simultaneous  detection  of  the  two- 
dimensional  (2D)  temperature  and  the  2D  OH  concentration 
distributions  in  a  high  turbulent  premixed  flame  inside  a 
contained  combustion  chamber  is  presented.  The 
temperature  information  is  obtained  by  Rayleigh 
and  the  OH  concentration  from  laser-induced  predissociated 
fluorescence  (LIPF).  A  newly  designed  detection  optics  for 
the  separation  of  the  synchronously  induced  Rayleigh  and 
fluorescence  signals  allows  the  use  of  only  one  single  laser 
source  in  combination  with  only  one  single  2D  detector. 

1.  INTRODUCTION 

In  technical  combustion  systems  high  turbulent 
premixed  flames  are  of  increasing  importance  due  to  their 
low  NOjj  emissions.  The  investigation  of  the  interaction 
between  turbulence  and  combustion  kinetics  in  premixed 
flames  requires  the  knowledge  of  the  instantaneous 
temperature  field  and  of  the  OH  concentration  field  as  well. 
From  accurately  measured  and  spatially  resolved 
temperature  distributions  flame  thickness  can  be  evaluated 
to  show  the  influence  of  foe  turbulence  on  the  combustion 
process  in  foe  context  of  a  diagram  which  has  been 
introduced  by  Borghi  (1988)  in  order  to  characterize 
different  areas  of  turbulent  premixed  combustion.  However 
strong  turbulence  can  also  result  in  flame  quenching,  which 
may  cause  wrong  interpretation  of  the  temperature  data  if 
not  taken  into  account  appropriately. 

The  measured  concentration  of  the  OH  radical  can  be 
used  as  an  indicator  for  intensity  of  the  reaction  taking  place 
and  thus  for  the  reaction  zone.  Therefore  the  simultaneous 
measured  OH  distribution  is  a  necessary  information  for  the 
interpretation  of  flame  thickness  data  considering  flame 
quenching. 

Investigations  have  to  be  performed  at  similar 
operating  conditions  as  used  in  technical  flames,  e.g.,  high 
pressure  and  according  containment  geometry,  if  the 
transferability  of  the  results  should  be  guaranteed.  Therefore 


the  appropriate  diagnostic  technique  must  be  applicable  also 
to  contained  combustion  chambers  which  allows  operation 
under  those  similar  conditions. 

2.  TWO-DIMENSIONAL  RAYLEIGH  THERMOMETRY 

The  applicability  of  2D  Rayleigh  scattering  for  gas 
thermography  in  laboratory  flames  has  been  shown  nearly 
one  decade  ago  by  Long  et  al.  (198S).  Recently  Kampmann 
et  al.  (1993)  presented  for  the  first  time  its  use  in  a 
contained  twhnift  flame  for  the  investigation  of 
temperature  structures  in  an  industrial  double  cone  swirl 
combustor.  The  Rayleigh  signal  was  generated  by  a  pulsed 
frequency  doubled  Nd  YAG-laser  and  detected  with  an 
ICCD  slow-scan  camera.  Interferences  of  the  Rayleigh 
scattered  light  with  glare  from  burner  surfaces  and  Mie 
scattered  light  from  dust  particles  could  be  reduced  by  using 
high  efficient  filter  elements  in  the  gas  supplies  and  by  a 
sophisticated  design  of  the  optical  access  to  the  combustion 
chamber.  Figure  1  shows  schematically  the  experimental 
situation  and  the  orientation  of  the  light  sheet  and  the 
observation  direction  in  combination  with  to  the  combustion 
chamber. 


z 


Fig.  1  .  Scheme  of  the  combustion  chamber  with  optical 
access 
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The  extension  of  this  technique  to  the  UV  for  a  more 
efficient  generation  of  the  Rayleigh  signal  due  to  the  1/X4 
relation  of  the  Rayleigh  cross  section  was  recently  done  by 
Kampmann  et  al.  (1994)  using  a  KrF  excimer  laser  source 
(X“248nm).  The  accuracy  of  the  temperature  data  being 
evaluated  from  the  shot-noise  limits  Rayleigh  signals  was 
about  ±5  %  for  a  typical  combustion  temperature  of  1550  K. 
As  an  example  Figure  2  shows  one  typical  result  when 
crossing  the  flame  front  within  an  instantaneous  temperature 
distribution  at  one  particular  position  in  the  turbulent  flame. 


Fig.  2  Cross  section  through  the  flame  front  indieating  die 
accuracy  of  die  excimer  laser  Rayleigh  probe  for 
instantaneous  temperature  fields  measurements 


3.  SIMULTANEOUS  2D  RAYLEIGH  AND  OH  PLANAR 
LASER-INDUCED  FLUORESCENCE  MEASURE¬ 
MENTS 


Planar  laser-induced  fluorescence  (LIF)  measurements 
of  the  OH  radical  by  the  excitation  with  a  KrF  excimer  laser 
has  been  used  successfully  for  the  determination  of  flame 
structures  and  reaction  zones  in  laboratory  flames  as  well  as 
in  technical  applications  by  Vcrsluis  et  al.  (1992)  and  Koch 
et  al.  (1993)  making  use  of  the  predissociated  fluorescence 
technique  (UPF)  introduced  by  Andrcsen  et  al.  (1988). 

For  collecting  well  evaluable  Rayleigh  signal 
intensities  an  UV-telescope  with  high  aperture  (171.0)  had  to 
be  used  for  the  combined  Raylcigh/UPF  measurements. 


Fig.  3:  Scheme  of  the  detection  arrangement 


A  refractive  filter  optics  has  been  developed  in  order  to 
separate  the  Rayleigh  signal  from  the  OH  fluorescence 
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Fig.  4:  Absorption  spectra  for  butylacetat  and  the  used 
colour  glas  filter 


signal  in  front  of  the  telescope.  Figure  3  shows  a  scheme  of 
the  choosen  optical  configuration.  A  prism  was  formed  with 
two  parallel  plates  of  fused  silica.  The  volume  between  file 
plates  was  filled  with  butylacctate,  which  acts  as  a  longpass 
filter  at  a  cutoff  wavelength  at  250  nm  (see  Fig.  4).  This 
prism  is  placed  in  front  of  the  telescope  in  such  a  way  that  it 
coven  only  a  part  of  the  aperture.  The  other  part  of  the 
signal  which  passes  the  uncovered  area  of  the  aperture  will 
unaffectedly  be  imaged  on  the  array  detector  placed  behind 
the  telescope  and  gives  thus  a  combined  Rayleigh/LIF  signal 
distribution  IjuyjjF(xl>yi)  From  <hat  part  of  the  signal 

which  is  detected  through  the  prism,  the  Rayleigh  signal  is 
absorbed  and  the  transmitted  UF  signal  is  deviated,  which 
results  in  a  UF  signal  distribution  at  a  new  location  an  the 
detector  IupCXj.yj).  However,  far  temperature 
evaluation  the  pure  Rayleigh  signal  distribution 
Wxi.yi)  has  to  be  known.  If  the  ratio  of  the  UF 
signal  at  location  1  to  the  UF  signal  at  location  2  can  be 
measured 


R.iUEiilM  (1) 

IuF(x2»y2) 

the  pure  Rayleigh  signal  can  be  calculated  from  the 
simultaneously  collected  data  by 

(xi>yi)=Wff(xi>yi)-R- iuf(x2  »y  2)  GO 

The  required  temperature  fields  can  be  calculated  from  these 
data  sets  following  the  method  presented  by  Fourguette  et 
al.  (1986).  hi  order  to  measure  the  ratio  R  one  UG1 1  filter 
was  used  in  front  of  the  array  detector.  This  filter  blocked 
the  Rayleigh  contribution  of  the  combined  Rayleigh/LIF 
signal  (see  Fig.  4)  providing  the  same  transmission  at  both 
signal  paths.  R  can  be  determined  from  the  resulting  UF 
signals  alt  both  locations.  Variations  of  R  could  easily  be 
achieved  by  adjusting  the  position  of  the  prism  in  front  of 
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die  telescope.  As  best  done  we  regard  a  UF  signal  as  low  as 
necessary  and  a  combined  Rayleigh/LIF  signal  as  high  as 
possible  for  reliable  temperature  information. 

The  Rayleigh  signal,  however,  can  also  be  interfered 
by  resonant  fluorescence  signals.  There  are  two  possible 
ways  to  overcome  this  problem: 

a)  Using  a  weak  excitation  transition,  so  that  the 
interference  is  negligible.  This  however  works  only  with 
detector  systems  with  high  dynamic  range,  e.g.,  slow-scan 
CCDs,  as  the  wavelength  shifted  fluorescence  signal 
becomes  also  smaller  and  has  to  be  detected  together  with 
die  Rayleigh  signal  within  the  dynamic  range  of  the  CCD 
detector. 

b)  Estimation  of  the  contribution  of  the  resonant 
fluorescence  signal  by  two  measurements  of  the  scattered 
light  intensities  at  laser  wavelength  in  a  laminar  flame,  for 
one  tuning  the  laser  on  an  (XI  excitation  wavelength  and  for 
one  tuning  it  off.  The  difference  of  the  signal  intensities 
gives  the  intensity  of  the  resonant  fluorescence  signal.  This 
can  be  taken  into  account  appropriately  by  the  knowledge  of 
die  wavelength  shifted  fluorescence  distribution. 

4.  FIRST  RESULTS 

Pint  measurements  have  been  perfumed  in  the 
turbulent  combustion  field  of  a  technical  burner  of  Asea 
Brown  Bovcri  (ABB)  which  has  been  described  by 
Kampmann  et  al.  (1993)  elsewhere.  The  detected  signals 
were  generated  by  a  laser  pulse  iff  140mJ.  The  best  spatial 
resolution  of  our  detector  system  was  calculated  to  be 
140  pm  per  pixel. 

Figure  3  shows  the  first  results  of  our  simultaneous 
Rayleigh/LIF  experiments.  Picture  part  (a)  exhibits  the 
combined  Rayleigh/LIF  signal  distribution,  picture  part  (b) 
the  UF  distribution  alone.  From  these  data  the  pure 
Rayleigh  signal  distribution  was  reconstructed,  from  which 
die  temperature  distribution  could  be  calculated,  which  it 
shown  in  picture  part  (c). 

A  comparison  of  the  temperature  distribution  (c)  and 
the  CXI  concentration  field  (b)  shows  very  good  agreement 
in  die  observed  structures.  At  locations  where  ignition 
temperature  ia  reached  alao  OH  starts  to  appear  and 
increasing  concentration  indicates  the  higher  combustion 
intensity. 


(a)  Rayleigh tmd  LJF  signal  Ijuy.LffO^yi) 


Fig  5:  Results  of  the  simultaneous  measurements 
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ABSTRACT 

In  this  study,  a  high-resolution  coherent  anti-Stokes  Raman 
spectroscopy  (CARS)  system  was  developed  for  use  in  com¬ 
bustion  thermometry  This  system  is  characterized  by  a  folded 
BOX-type  beam  crossing  geometry  and  multiplexed  signal  ac¬ 
quisition.  Although  a  complicated  experimental  system  is  nec¬ 
essary  for  these  features,  this  system  has  high  spatial  and 
temporal  resolutions,  which  provide  for  a  more  reliable 
measurement  of  the  temperature  in  turbulent  flames 

In  this  project,  careful  consideration  was  given  to 
developing  the  CARS  system.  In  parallel  to  this,  calculated 
CARS  spectra  were  generated  based  on  the  physical  constants 
and  transfer  functions  of  the  experimental  facilities 

The  applicability  of  this  system  for  temperature  measure¬ 
ment  has  been  tested  in  a  premixed  turbulent  flame  Based  on 
the  method  of  full  fitting  with  calculated  spectra,  experimental 
CARS  spectra  were  analyzed  There  was  good  coincidence 
between  the  experimental  and  calculated  spectra  over  a  wide 
range  of  temperatures  The  correspondence  between  mean 
flame  temperatures  obtained  by  CARS  and  those  by  fine  wire 
thermocouple  were  also  good 

1.  INTRODUCTION 

In  past  research,  Kawaguchi  and  Hama  (1988)  have  made 
velocity  measurements  in  a  hydrogen  combustor  using  a  laser 
Doppler  anemometer  in  order  to  investigate  the  combustor's 
performance  from  the  stand  point  of  fluid  dynamics  They 
found  that  the  quick  expansion  caused  by  rapid  combustion  of 
hydrogen  mixture  greatly  affects  the  mean  velocity  streamline 
in  the  flame  holder  This  streamline  perturbation  was  closely 
related  to  flame  stability,  which  is  especially  important  in  de¬ 
termining  the  range  of  applicability  of  hydrogen  combustors  At 
the  same  lime,  variations  of  turbulence  intensity  and  length 
scale  distributions  were  observed  in  reactive  cases  when  com¬ 
pared  to  nonreactive  cases  The  analytical  studv  to  find  the 
cause  of  the  velocity  field  alteration  was  potentials  insightful, 
but  a  complete  analysis  was  not  conducted  there  because  the 


authors  had  no  information  about  either  the  instantaneous  tem¬ 
perature  or  concentration  at  dial  tunc 

Due  to  recent  developments  in  laser  technology,  optical 
techniques  for  scalar  quantity  measurements  are  progressing 
rapidly.  CARS  is  one  such  technique,  and  it  is  applicable  for 
gas  temperature  measurements  in  relatively  high  temperature 
regions,  such  as  combustion  (Eckbretli  et.  al.  1979).  Such 
techniques  will  likely  give  additional  information  on  scalar 
quantities,  and  when  they  are  combined  with  velocity  meas¬ 
urements,  they  help  to  get  a  more  complete  view  of  the  compli¬ 
cated  processes  of  combustion  in  industrial  facilities 

CARS  is  similar  to  LDA  in  its  outlook.  Both  CARS  and 
LDA  use  excitation  laser  beams  and  analyze  scattered  light 
Being  optical  diagnostics,  they  have  similar  advantages  such  as 
non-invasive  characteristics  and  high  temporal  and  spatial 
resolutions  But  they  differ  on  the  basic  principle  of  light  scat¬ 
tering.  LDA  is  based  on  Mie-scattenng  and  is  classified  as 
elastic  scattering.  The  instrumentation  for  LDA  is  sophisticated 
but  relatively  simple  and  the  resultant  data  have  a  linear  rela¬ 
tion  with  velocity,  making  it  easy  to  interpret  In  contrast, 
CARS  is  based  on  the  Raman  scattering  process  and  the 
resultant  data  contain  information  of  molecular  species.  There¬ 
fore,  CARS  requires  a  more  complicated  data  processing 
procedure,  namely  interpretation  of  spectra  based  on  simulated 
spectra.  Because  of  this  requirement,  spectral  simulation  of 
CARS  will  be  described  first 


2.  SPECTRAL  SIMULATION  OF  CARS 

Calculated  CARS  spectra  are  necessary  for  analyzing  the 
experimentally  obtained  CARS  spectra  This  is  due  in  part  to 
complications  caused  bv  nonlinear  characteristics  of  CARS 
Since  tlie  number  density  of  molecules  is  a  function  of  tempera¬ 
ture,  the  shape  of  CARS  spectra  have  a  temperature 
dependency-tins  is  the  principle  of  CARS  thermometry  But 
measurement  of  the  shape  of  a  spectrum,  such  as  band  width  or 
proportion,  is  a  complicated  function  of  temperature,  which 
depends  on  the  experimental  facilities  used  Therefore,  a  set  of 
calculated  CARS  spectra,  obtained  using  transfer  functions  of 
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the  experimental  facilities,  is  needed  for  reliable  spectral 
analysis 

Although  a  number  of  articles  which  describe  CARS 
spectrum  modeling  exist  (Hall,  1979,  Eckbreth,  1988),  only  a 
brief  description  will  be  given  here.  The  resonant  contributions 
to  the  third-order  nonlinear  electric  susceptibility  x<3)  can  be 
expressed  as  a  sum  over  neighboring  transitions,  and  the  full 
CARS  susceptibility  may  be  expressed  as: 

X<3)=2Xr/+X*r  =  2A’/  - - -  +X„r  (D 

J  J  2Ato;  —i  T; 

where  the  j  summation  is  over  all  Q-branch  vibration-rotation 
transitions  in  the  vicinity  of  0)[  -(o2,  and  10 1  and  to  2  are 
wave  numbers  of  pump  and  probe  beams  respectively  V j  is 

the  homogeneous  line  width  estimated  bv  the  full  width  at  half 
maximum,  and  Aoiy  is  the  detuning  <0 j  -(oj|  -(Oj)  For  the 

line  widths,  1^,  0.1  cm'1  was  given  for  room  temperature  and 

a  T  _,/2  temperature  dependency  was  assumed. 

Calculations  were  made  for  N2.  As  reported  in  Hall 
(1979),  in  an  atmospheric  flame,  the  resonant  CARS  contribu¬ 
tion  from  N2  will  be  much  stronger  than  the  non-resonant 
contribution  Xnr ,  therefore  Xnr  was  eliminated  in  this  study. 
The  first  step  in  calculation  of  the  resonant  term  Xr<  was  to 
calculate  the  total  energy  using  the  following  equation: 

£-£„  +  £,-  uje(v  +  ^)-toexe(v  +  i)2 

+Bv(J(J  +  l))-Dv(J(J  +  l))2  (2) 

Bv  -  Be-ae(v  +  ~) 

where  optical  constants  are  shown  in  Table  1,  in  unit  of  cm'1. 
From  the  energy  difference  between  upper  and  lower  vibration- 
rotation  states,  Wj  was  determined  Next,  Kj  was  determined 

from  the  population  using  Boltzmann's  statistics  and 
dependency  on  nuclear  spin. 

The  frequency  distribution  of  the  scattered  power  for  finite 
laser  line  width  can  be  described  by  the  convolution  integral, 


/(w,)-£jjx(3)(0)j'-0)io-Wu+(02)  2 

\  (3) 

*  *  ft  (to  3 -to  j0-  (1)  to  2)  r/ui  1(,  c/u)  r/tu  2  dto  V 


u>e 

we*e 

Be 

ae 

Dv 

2.'j6.57 

14.3  24 

I  99824 

0  017318 

5  76E-6 

Table  1  Optical  constants  of  N2 


where  f\  (u>  1)  and  /  2(<u  2)  are,  respective! \ .  the  power  dis¬ 
tribution  of  pump  and  probe  beam,  respectively,  and 
f  3  (to  3-  to'-j )  is  the  slit  function  of  the  spectrometer  system 
Tnangular-shaped  functions  were  used  and  the  widths  are 
given  in  Table  2. 

A  computer  program  was  developed  to  calculate  the  right 
side  of  equation  (3)  As  a  result  of  the  nonlinearity  of  CARS, 
the  effect  of  spectral  interference  between  neighboring  tran¬ 
sitions  and  between  resonant  and  non-resonant  contributions  to 
X(3)  in  equation  (1)  may  be  significant  Therefore,  careful 
selection  of  both  wave  number  resolving  power  is  important  to 
accurately  the  CARS  spectrum.  In  this  study,  2000  points  were 
used  to  cover  the  region  from  2250  to  2350  cm'1  of  Raman 
shift. 

The  calculated  results  are  shown  in  Figure  I  in  steps  of 


2250  2300  2350 

Raman  Shift  (cm'*  ) 

Fig  I  Calculated  results  of  CARS  spectra 


2,6.2. 


Fig.  2  Experimental  arrangement  of  the  CARS  system 


200K.  The  calculated  spectra  are  similar  in  shape  to  Hall's  re¬ 
sults  (Hall,  1979)  However,  a  slight  difference  can  be  seen  due 
to  differences  in  the  assumed  shape  and  width  of  / 1 ,  /  2  alK* 
/  3.  The  calculated  spectra  in  this  section  was  used  for  spectral 
fitting  described  in  section  4 

From  these  results,  it  is  seen  that  there  are  three  features  in 
the  shape  of  CARS  spectra  calculated  at  high  temperature 

a)  The  band-width  of  the  mam  peak  located  near  2330cm  1 
increases  with  increase  in  temperature 

b)  Small  peaks,  due  to  rotational  transitions,  appear  at  Raman 
shills  of  2300-2320cm'\  and  at  temperatures  beyond  I200K 

c)  A  small  secondary  band  appears  near  2280-2300cm'1  when 
the  temperature  exceeds  1 200K 

Feature  a)  occurs  at  temperatures  below  1000K  Therefore,  this 
feature  can  be  used  at  relatively  low  temperatures,  where  b) 
and  c)  characteristics  are  not  prominent 

3.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 
3. 1  CARS  Optical  System 

Figure  2  illustrates  the  setup  of  CARS  thennomein  system 
employed  in  this  work  The  svsiem  is  composed  ol  two  lasers. 


Pump  Beam 

Source 

Wave  Length 

Band  Width  (FWHM) 
Pulse  Energy 

YAG  Second  Harmonics 

532  nm 

0.03  mn 

1 35  mJ 

Probe  Beam 

Source 

R610.R640  Mixed  Dye 
Broad  Band  Emission 

Wave  Length 

607  nm 

Band  Width  (FWHM) 

5  1  mn 

Pulse  Energv 

37in.l 

Spectrometer 

Spectrometer 

1=800  nun.  Double 

System 

Detector 

Diode  Arrav, 

5l2c)i/)2.5mm 

Image  bitensitier 

Double  MCP 

Dispersion 

0.383  cm'1  /cli 

Table  2  Lasers  and  spectrometer  parameters 


transmitting  and  receiving  optics,  a  spectrometer,  controllers 
and  a  personal  computer  The  pump  laser  and  probe  laser  para¬ 
meters,  and  spectrometer  characteristics  of  this  experiment  are 
summarized  in  Table  2 

A  frequency-doubled  pulsed  Nd  YAG  laser  (  SI.-803. 
Spectron  Laser  Systems)  and  a  broad-band  dve  laser  (SL- 
4(1000,  Spectron  Laser  Systems)  were  used  for  the  pump  and 
probe  sources,  respectively  Hie  produced  I064nm  beam  m 
YAG  laser  was  frequency  doubled  to  532nm,  and  a  nominal 
output  pulse  energy  of  330mJ  was  obtained  The  dve  laser. 
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Fig.  3  Folded  BOXCARS  beam  alignment 


angle  to  the  beam  axis  by  the  transvcrsing  stage,  a  series  of 
spots  burnt  by  the  laser  were  recorded  Tins  enabled  precise 
<lti  alignment  to  be  made 

The  phase  matching  arrangement  used  lor  tins  study  is 
->-u)l  called  'folded  BOXCARS’  and  is  shown  in  Figure  3.  In  tins 
-*•(1)  1  arrangement,  two  pumping  beams,  oj  |  and  a  probe  beam  to  2 , 
.  are  collimated  by  a  front  lens  L5,  w'hich  has  a  focal  length  of 

200mm  The  crossing  angle  a  between  to  t  and  to  2  was  2deg 
A  large  a  can  reduce  the  size  of  the  measuring  volume,  but  it 
weakens  the  signal.  One  advantage  of  folded  BOXCARS  is  the 
complete  angular  and  spatial  separation  of  the  CARS  beam 
From  this  perspective,  a  large  cx  also  helps  to  confirm  the 
separation  of  CARS  signal  from  to  |  and  to  2 . 


having  a  transversely  pumped  oscillator  dye  cell  and  two  longi¬ 
tudinally  pumped  amplifier  dye  cells,  was  excited  by  a  portion 
of  the  NdYAG  laser  output  The  dye  laser  was  carefully  tuned 
to  match  the  requirement  for  N2,  Q-branch  thermometry  by 
adjusting  the  concentration  of  two  kinds  of  laser  dyes,  i.e.  Rho- 
darnine  610  Chloride  and  Rhodamme  640  Chloride  in  metha¬ 
nol.  As  the  power  and  transverse  mode  of  the  dye  laser  beam 
output  is  very  sensitive  to  misalignment,  the  optical  compo¬ 
nents  in  the  dye  laser  were  carefully  adjusted  before  every  ex¬ 
periment 

A  plane  view  of  the  optical  system  used  for  this  experiment 
is  also  shown  in  Figure  2.  Prisms  (PI  to  P8)  were  used  to 
transfer  the  beams  After  passing  through  a  telescope  (LI  and 
L2),  the  pump  beam  ( u>  i )  shown  by  the  solid  line  was  divided 
into  two  parallel  beams  at  the  beam  splitter  and  transferred  to  a 
collimating  lens  (L5)  A  half-reflection  coated  optical  parallel 
was  used  for  the  beam  splitter.  The  probe  beam  (in  2 ,  shown 
by  a  dotted  line)  passes  over  P4  and  P6,  and  also  passes 
through  a  telescope  (L3  and  L4 ) 

Figure  3  shows  the  close  up  view  near  the  measuring 
volume  of  CARS.  To  tune  the  system,  each  of  three  beams  was 
aligned  parallel  to  the  x-axis  shown  in  Fig.  3,  between  P8  and 
LS,  which  is  found  using  a  mirror  and  screen  placed  in  a 
remote  position  If  the  three  beams  have  parallel  wavefronts 
and  are  aligned  parallel  to  each  other,  by  definition  all  the 
beams  will  have  their  waist  at  the  crossing  point  in  the  burner 
However,  due  to  wavefront  sphericity  of  pump  and  probe 
beams,  their  waists  arc  not  coincident  at  the  crossing  point  Hie 
adjustable  telescopes  m  each  beams  were  used  to  eliminate  this 
effect  and  to  position  the  beam  waist  at  the  crossing  |joiiU  The 
waist  position  was  monitored  by  a  small  sheet  of  paper  nisetied 
near  the  focus  The  intensity  of  cracking  sound,  at  each  laser 
\shot,  changes  when  the  paper  is  moved  back  and  forth  in  axial 
.direction.  At  the  waist  position,  the  sound  becomes  loudest 


After  passing  through  the  measuring  point,  the  four  beams, 
including  to  y  were  recollunated  bv  a  lens  L6,  having  the  same 
focal  length  as  L5  Pumping  and  probe  beams  were  filtered  out 
by  two  identical  dichroic  mirrors,  which  had  coatings  for  short 
wavelength  transmission  and  long  wavelength  reflection  The 
cutoff  wavelength  was  selected  to  ensure  N2  CARS  separation 
from  to  |  and  to  2 .  An  iris  was  also  applied  for  spatial  separa¬ 
tion  of  103.  After  passing  the  iris,  the  CARS  signal  was 
launched  into  an  optical  fiber  and  transferred  to  the  spectro¬ 
meter  system. 

A  multiplexed  spectral  acquisition  system  composed  of  a 
Czemy-Tumer  spectrometer  (CT-80D,  JUSCO)  and  a  spe  *ro- 
metric  multichannel  analyzer  (SMA,  D/SIDA-D512,  Pnncelon 
Instruments)  was  employed  in  order  to  detect  Die  full  CARS 
spectrum  for  each  individual  laser  pulse  The  width  of  N2  Q- 
branch  CARS  spectrum  was  relatively  narrow,  with  a  typical 
value  between  20-50cm’’.  Since  precise  analysis  of  this  region 
is  necessary  for  CARS  thermometry,  large  dispersion  of  the 
spectrometer  is  needed.  The  spectrometer  employed  was  a  the 
modified  double-monochromator  having  a  focal  length  of  0  8m 
and  a  f-number  of  6.8  In  combination  with  the  SMA,  which 
lias  a  double  row  of  512  pixel  linear  diode  arrays,  the 
dispersion  turned  out  to  be  0  383  cm1 /channel  and  was  satis¬ 
factory  for  purposes  of  this  experiment.  At  the  same  lime, 
sensitive  and  high  S/N  detectors  were  important  to  discriminate 
elusive  CARS  signal  from  high  temperature  gas  Therefore,  a 
SMA  having  a  double  MCP  intensifier  was  used  A  delay 
pulse  generator  (DG535,  Princeton  Instruments)  initiated  digiti¬ 
zation  and  storage  of  the  data  in  the  personal  computer 
(PC980I,  NEC)  Tins  generator  also  triggered  the  flash  lamp 
and  Q-switch  of  YAG  laser,  and  the  gating  of  the  SMA 

The  recorded  dataset  was  analyzed  by  an  engineering  work 
station  (AXP-3(HX)/40(),  Digital  Equipment  Corp  )  using  data 


Due  to  the  wavelength  difference  between  <0  j  and  cd  2 .  processing  programs 


slight  misalignment  of  the  crossing  point  can  occur  due  to 
chromatic  aberration  in  L5  In  order  to  obtain  precise  geometn- 


3.2  PREMIXED  BURNER 


cal  arrangement  of  beams  near  the  crossing  point,  a  three  di¬ 
mensional  record  of  beam  spots  was  obtained  To  record  this,  a  ^Tu-  burner  used  in  this  experiment  (Figure  4)  was  specifi- 

slteet  of  exposed  photographic  printing  paper  and  a  transvers-  ca^Y  designed  to  maintain  uniform  experimental  conditions  and 

ing  stage  were  used  When  the  paper  was  moved  at  a  slight  help  researchers  to  conduct  bench-mark  testing  ol  measurement 
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techniques  (Yoshida,  1987a)  Detailed  characteristics  of  the 
velocity  field,  including  the  Reynolds  stress  distribution,  have 
been  reported  by  Maeda  ( 1 987),  Flow  rates  of  air  and  main  fuel 
was  measured  and  controlled  by  mass  flow  meter/controllers 
(FI 00/200,  Oval  Engng  Corp  ).  Conditions  relating  to  fuel  and 
air  flow  arc  summarized  in  Table  3  These  coincide  with  those 
suggested  in  the  literature  (Yoshida,  1987a). 

The  burner  w'as  mounted  on  a  three  dimensional  transvers- 
mg  stage  (I,TS+Mark-14,  Sigma  Koki  Co  ).  The  location  of  the 
CARS  measuring  volume  was  fixed  to  the  floor  and  position  of 
the  burner  was  changed  to  measure  spatial  distribution  of 
temperature  All  measurements  in  this  work  were  made  at 
60mm  downstream  from  the  burner  outlet  where  the  tempera¬ 
ture  was  measured  by  Asanuma  (1987)  and  Yoshida  (1987b) 
with  a  fine  wire  thermocouple 


<f>  12  Main  Flame 


Main  Flame 

Fuel 

Propane 

Mean  velocity  of  Mixture  at  Outlet 

4.64  m/s 

Equivalence  Ratio 

073 

Flow  rate  of  Air 

5  08E-4  m-Vs 

Flow  rale  of  Fuel 

I  .55E-5  nrVs 

Pilot  Flame 

Fuel 

Mellume 

Flow  rate 

6  67E-6  m-Vs 

Table  3  Experimental  condition  of  flame 


4.  RESULTS  AND  DISCUSSION 

4.1  POSSIBLE  ERROR  SOURCES  OF  CARS 
THERMOMETRY 

Experimentally  obtained  spectra  always  contain  some 
errors.  When  the  distortion  of  the  spectra  is  large,  subsequent 
analysis  may  result  in  unrealistic  temperature  if  it  is  not  con¬ 
ducted  carefully.  Most  of  the  distortion  is  recognizable  through 
some  standard  in  the  processing  program,  but  compensation  or 
reconstruction  of  the  signal  is  almost  impossible  Therefore, 
optimization  of  the  system,  based  on  preliminary  experiments 
and  careful  investigation  of  data,  is  necessary  before  main  ex¬ 
perimental  runs  can  start  Typical  distortions,  probable  causes 
and  appropriate  countermeasures  are  discussed 

a)  Poor  alignment  of  optics  Excessively  weak  signal  was 
observed  due  to  poor  alignment  of  optics  or  lasers  Step  by  step 
alignment  of  all  components  are  needed  m  this  case  Generally, 
air  at  room  temperature  produces  an  intense  N2  CARS  signal. 
Once  a  weak  signal  can  be  found  observed,  intensifying  it  is 
simplified. 

b)  Effect  of  high  temperature.  Generally,  high  temperature 
gas  produces  weak  signal  The  relation  between  the  excitation 
laser  power,  number  density  of  molecules  and  intensity  of 
CARS  signal  can  be  expressed  as  follows, 

Au3  x  /*l4,2A'2  (5) 

where,  Im\ ,  and  and  intensities  of  pumping,  probing 
and  CARS  beams  respectively.  N  is  the  number  density  of 
molecules  undeT  observation  In  an  isobaric  stale,  N  is  in¬ 
versely  proportional  to  absolute  temperature.  Therefore,  the 
intensity  of  CARS  generally  becomes  weak  at  high  tempera¬ 
tures.  Although  this  effect  cannot  be  avoided  in  lugh-tempera- 
ture  measurements,  potential  errors  due  to  low  S/N  ratio  should 
be  expected  The  noise  appearing  in  spectral  domain  could  be 
misunderstood  to  be  characteristics  of  high  temperature,  such 
as  main  band  broadening  or  secondary  peaks  Therefore,  vert 
weak  signals  comparable  to  noise,  signal  has  biasing  effect 
which  acts  to  increase  the  resultant  temperature  When  the 
signal  magnitude  reaches  the  photon  counting  level,  distortion 
of  llie  spectral  shape  caiuiot  be  avoided  without  accumulating 
multiple  signals 

c)  Beam  steering  due  to  temperature  gradient  Weak  signals 
intermittently  observed  m  the  flame  Tins  was  probablv  the 
result  of  the  effect  of  high  temperatures  described  in  b),  as  well 
as  beam  steering  caused  bv  large  refractive  index  gradients 
These  two  effects  are  difficult  to  separate 

d)  Saturated  data  signal  Constant  occurrence  of  this  phe¬ 
nomenon  was  avoided  b\  reducing  the  gam  of  SMA  In  prac¬ 
tice,  intermittent  appearance  of  intense  signals  from  low  tem¬ 
peratures  could  be  observed  In  tins  case,  saturated  signals 
were  discarded  before  data  processing 
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e)  Breakdown  As  seen  from  equation  (5),  high  laser  power 
helps  to  produce  an  intense  CARS  signal.  But  too  much  power 
can  cause  a  breakdown  in  die  measurement  volume,  making 
CARS  measurements  impossible.  Breakdown  is  indicated  by  a 
'snapping'  sound  and  a  white  spark  produced  near  the  focal 
point. 

0  Shot-bv-shot  fluctuation  of  spectra  due  to  fluctuation  of 
the  dye  laser  profile.  This  effect  can  be  estimated  by  measuring 
a  steady-state  sample,  such  as  air  at  room  temperature 
Generally,  compensation  of  this  distortion  can  be  made  by 
using  a  reference  cell  But  to  achieve  identical  phase-matching 
in  measurement  volume  and  reference  cell  was  difficult  for  the 
multi-mode  laser  employed  in  this  experiment  Since  much 
improvement  could  not  be  attained  due  to  this  limitation,  a  ref¬ 
erence  cell  was  not  used  in  this  study. 

g)  Bias  due  to  large  measuring  volume.  A  biasing  effect  can 
occur  when  a  large  measuring  volume  relative  to  the  charac¬ 
teristic  temperature  scale  is  used  In  this  situation,  the  measur¬ 
ing  volume  can  be  occupied  by  high  and  low  temperature  re¬ 
gions  simultaneously.  In  such  case,  the  intense  CARS  signal 
from  the  low  temperature  region  dominates  that  of  the  high 
temperature  region.  Therefore,  the  resulting  CARS  signal  is 
biased  towards  the  lower  temperature.  In  this  study,  this  effect 
was  observed  when  the  focal  length  of  L5  was  changed  to 
500mm  and  the  measuring  volume  was  larger  than  that 
described  in  section  3. 1 

h)  Bias  due  to  ensemble-averaging.  When  the  spectrum  was 
obtained  by  accumulation  of  signals  from  multiple  shots  of  the 
laser,  and  the  temperature  fluctuation  of  the  sample  was  large, 
a  biasing  effect  similar  to  g)  could  occur  In  such  case,  the  re¬ 
sultant  temperature  was  lower  than  the  mean  temperature 

Most  of  these  effects  could  be  avoided  or  minimized  by 
preliminary  experiments.  Sometimes,  one  error  factor  was 
eliminated  at  the  cost  of  increasing  another  type  of  error  For 
example,  the  effect  of  low  S/N  ratio  b)  was  eliminated  by  multi¬ 
ple  data  acquisition,  but  then  the  biasing  effect  described  in  h) 
can  occur  Generally,  g)  and  h)  should  be  estimated  consider¬ 
ing  the  type  of  object  to  be  measured 

4.2  EXPERIMENTAL  CARS  SPECTRA 

Figure  5  shows  the  radial  variation  of  CARS  spectra  ob¬ 
tained  in  the  flame.  Signals  from  50  laser  pulses  were  accumu¬ 
lated  to  obtain  each  spectrum.  As  described  in  the  previous 
section,  the  number  of  pulses  were  determined  from  the  meas¬ 
uring  object.  In  this  case,  temporal  temperature  fluctuation  was 
not  large  except  for  a  small  region  of  flame  The  number  of 
pulses  was  optimized  through  the  preliminary  experiments  As 
stated  in  the  previous  section,  the  size  of  the  measuring  volume 
was  critical 

In  spite  of  the  severe  conditions,  i  e  folded  BOX  optical 
alignment  and  multiplexed  data  acquisition,  the  quality  of  ob¬ 
served  CARS  spectra  was  adequate  The  shape  of  the  spectra 
obtained  between  4  and  10mm  clearly  shows  the  high  tempera- 


Raman  Shift  (cm  *  ) 

Fig.  5  Experimental  CARS  spectra  in  (lame 

ture  characteristics  in  the  calculated  spectra  described  in  sec¬ 
tion  2.  It  is  characterized  by  a  widening  of  the  mam  band,  ap¬ 
pearance  of  rotational  structure,  and  a  secondary  peak  appear¬ 
ing  around  a  Raman  shift  of  2300  cm'1 

4.3  SPECTRAL  MATCHING  PROCEDURE 

The  recorded  experimental  spectra  were  examined  in¬ 
dividually  to  identify  distorted  spectra  Probable  courses  of  the 
spectral  distortion  have  been  discussed  in  Section  -4  2  Alter 
rejecting  the  distorted  data,  the  remaining  data  were  analyzed 
using  a  computer  program  For  the  analysis  of  experimentally 
obtained  CARS  signals,  a  full-fitting  method  was  selected  This 
program  calculated  an  integrated  residual  defined  as  lolloyys 

R(7C )  ”  D-Vui)-  Sc(o}.Tc ))‘  r/u)  (h) 
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where  U)  (  and  U)t,  were  2250  and  2350cm'1  respectively  Sc 
and  Se  are  llie  calculated  and  experimental  spectra,  respec¬ 
tively  The  estimated  temperature  Te  was  given  as  the  tempera¬ 
ture  which  produced  die  minimum  R  Since  die  theoretical 
spectra  are  given  in  increments  of  IOOK,  interpolation  was 
made  around  the  minimum  of  R 


Raman  Shift  (cm  ) 

Fig.  6  Comparison  of  experimental  spectrum 
Se  at  r=19mm  (dot)  and  calculated  spectra  Sc(line) 


Dus  calculation  can  be  used  not  only  to  detennine  probable 
temperature  but  also  to  estimate  die  quality  of  CARS  spectra 
obtained.  If  a  spectrum  can  be  found  which  completely  matches 
Sc,  becomes  0.  However,  for  a  distorted  spectrum, 

Rfn\n  is  always  larger  than  that  of  a  noil-distorted  spectrum 
Therefore,  provides  one  way  to  evaluate  the  quality  of 

CARS  spectra. 

In  Figures  6  and  7,  Se  and  a  group  of  Sc  are  shown  at  the 
same  scale.  The  differences  between  Se  and  each  of  Sc  are 
also  shown  in  these  figures  Ideally,  Se  -Sc  should  show  a 
small  value  over  a  wide  range  of  Raman  shift,  when  the  opti¬ 
mum  Sc  is  found  Figure  6  shows  the  comparison  of  Se,  which 
was  obtained  at  r=19mm  and  a  group  of  Sc ,  which  was  se¬ 
lected  from  die  calculated  library  In  upper  half  of  Figure  6,  it 
is  seen  that  the  correspondence  between  the  experimental 
spectrum  and  calculated  one  for  Tc  =400K  is  good  Looking  at 
the  differential  spectra,  a  prominent  peak  of  Se  -  Sc  appears  at 
2331cm'1.  Around  2327cm’1,  die  difference  of  Se-Sc  is 
eidier  negative  or  positive,  depending  on  Tc  It  is  found  diat 
when  an  appropriate  Sc  is  chosen,  die  residual  caused  bv  the 
latter  peak  or  valley  can  be  minimized  Although  die  reason  of 
a  peak  at  2331cm'1  remains  is  unknown,  this  peak  is  in¬ 
dependent  of  Tc ,  however  this  peak  only  acts  to  offset  R  and 
does  not  affect  the  optimum  choice  of  Sc  In  case  shown  in 
Figure  6,  interpolation  of  residuals  R  from  300, 400  and  500K 
resulted  Te= 422K. 

Figure  7  shows  similar  comparison  for  Se  obtained  at 
r=6mm.  In  this  case,  special  characteristics  of  high  temperature 
were  obvious  in  the  experimental  spectrum;  therefore,  Sc  at 


relatively  high  temperature  such  as  7^.  =  1 800K,  corresponds  to 
experimental  one  The  computer  algorithm  makes  final  choices 
in  tlte  balance  of  secondary  peak  appearing  from  2290  to 
2303cm'1,  the  region  between  2305  to  2325cm'1  where  ro¬ 
tational  transition  is  observed,  and  die  valley  seen  at 
2329cm'1  And  this  choice  does  not  give  large  discrepancy 
from  human  inspection,  that  can  be  seen  from  the  figure. 

4.3  mean  temperature  ln  premixed  flame 

The  experimentally  determined  mean  temperature  profile  at 
60mm  downstream  of  burner  outlet  is  shown  by  open  circles  m 
Figure  8.  This  temperature  is  determined  as  a  mean  of  ten  data, 
each  are  based  on  50  shots  of  iaser  pulse.  The  length  of  error 
bar  around  the  circle  indicates  twice  of  root  mean  square  of 
data  fluctuation  As  each  data  was  composed  of  multiple  shots, 
the  rms  is  not  intensity  of  fluctuating  temperature  but  ambi¬ 
guity  of  determining  mean  temperature  Results  from  fine- wire 
thermocouple  measurements  by  Asanuma  (1987)  and  Yoshida 
( 1 987b)  are  also  shown  by  solid  and  dotted  lines  Tempera¬ 
tures  obtained  by  CARS  corresponds  those  by  fine  wire  thermo¬ 
couple  very  well. 

There  is  a  low  temperature  region  near  the  burner  axis, 
where  the  combustion  is  not  completed.  Relatively  high  and 
constant  temperature  is  observed  between  the  radial  positions 
of  4  and  8mm,  where  reacted  gas  is  flowing  Between  these  two 
regions,  a  layer  having  high  mean  temperature  gradient  is  ob¬ 
served.  This  layer  corresponds  to  wrinkled  flame  zone  and  high 
temperature  fluctuation  was  observed  here  by  Yoshida  ( !  987b) 
In  this  region,  error  bar  of  CARS  measurement  is  extending 
Although  this  fluctuation  is  not  corresponding  to  the  tempera¬ 
ture  fluctuation  directory,  it  is  seen  that  the  ambiguity  of  mean 
temperature  is  affected  by  fluctuating  temperature 

5.  CONCLUSIONS 

A  CARS  system  having  features  of  a  folded  BOX-type 
beam  crossing  geometry  and  a  multiplexed  signal  acquisition 
system  was  developed  in  the  purpose  of  thermometrv  in  com¬ 
bustion  Detailed  experimental  considerations  were  also  made 
on  developed  CARS  system  Discussion  on  probable  error 
source  and  its  countermeasure  was  also  made  The  applicability 
of  tins  system  was  tested  ui  a  premixed  turbulent  flame  The 
temperatures  determined  by  CARS  was  compared  to  the  results 
of  tine  wire  thermocouple 

hi  spite  of  the  severe  conditions,  the  quality  of  experimen¬ 
tal  CARS  spectra  was  adequate  There  were  good  correspon¬ 
dence  between  experimental  and  calculated  CARS  spectra  from 
400K  to  I900K  'P  s  correspondence  over  a  wide  range  of 
temperature  suggests  validity  of  present  experimental  and  ana¬ 
lytical  scheme  The  agreement  between  mean  flame  tempera¬ 
tures  obtained  bv  CARS  and  those  by  line  wire  thermocouple 
were  also  good 


Fig.  8  Radial  distribution  of  mean  temperature  in  flame 
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ABSTRACT 

This  paper  describes  a  method  by  which  velocity 
measurements  were  obtained  within  the  exducer  section  of  a 
radial  inflow  turbine  rotor  utilising  a  laser  Doppler 
velocimeter.  The  problems  associated  with  the  application  of  a 
velocimeter  to  such  a  harsh  environment  are  highlighted  and 
the  authors,  through  a  careful  consideration  of  the 
characteristics  of  the  radial  turbine  have  shown  that  unique 
techniques  can  be  developed  to  facilitate  the  requirements  of 
the  velocimeter.  This  is  illustrated  by  the  development  of  a 
solid  particle  seeding  system  and  also  by  the  adoption  of  a 
fluorescence  technique,  which  enabled  near  wall  measurements 
to  be  made.  The  success  or  otherwise  of  the  various  techniques 
adopted  is  discussed. 

1.  INTRODUCTION 

hi  the  modem  day  research  and  development  of 
turbomachinery,  the  numerical  solution  of  the  3  dimensional 
Reynolds  averaged  Navier-Stokes  equations  is  becoming  an 
ever  increasingly  important  design  tool.  However  before  such 
solutions  can  be  reliably  used,  validation  with  experimental 
results  is  essential.  Recent  advancements  in  the  laser  Doppler 
velocimetry  technique  have  resulted  in  its  utilisation  to  obtain 
velocity  measurements  within  the  various  turbomachinery 
components  upon  which  the  accuracy  of  these  numeric  codes 
can  be  gauged. 

Whilst  the  laser  Doppler  technique  is  non-intrusive  to 
the  flow  there  are  however  many  practical  problems  associated 
with  its  application  to  turbomachinery,  many  of  which  have 
been  reviewed  by  Strazisar  (1986).  Many  of  these  problems 
are  Highlighted  to  the  extreme  in  the  small  diameter  (less  than 
ISOmm)  radial  inflow  turbine  rotor.  Coupled  with  this  is  the 
fact  that  a  dearth  of  quantitative  information  exists  as  to  the 
nature  of  the  flow  field  within,  Kitson  et  al  (1991 ),  Ahmed  et 
at  (1991),  Beaiaek  and  Struble  (1990)  and  Benisek  and 
Spnkcr(1987). 

With  the  aforementioned  in  mind,  a  research  project 
was  «»dert«iten  with  a  view  to  obtaining  velocity 
t— "»"♦«  upon  which  a  numerical  solution  could  be 
validated 


2.  LASER  DOPPLER  VELOCIMETRY 

Laser  Doppler  velocimetry  is  a  technique  which  as  its 
name  suggests  utilises  the  Doppler  effect  to  measure  the 
velocity  of  particles  entrained  within  a  fluid.  If  the  particles 
are  of  a  sufficiently  small  size  then  it  can  be  assumed  that  their 
velocity  is  representative  of  the  fluid  velocity  within  which 
they  are  moving.  The  laser  Doppler  velocimeter  used  in  the 
current  work  is  shown  diagramatically  in  Figure  1.  Its 
principle  of  operation  can  be  explained  briefly  as  follows:  Two 
monochromatic  laser  beams  having  a  common  source  (S14.5 
nm),  hence  coherent,  are  focused  so  as  to  intersect  forming  a 
region,  ellipsoidal  in  shape,  referred  to  as  the  ‘measuring  or 
probe  volume'.  Within  the  measuring  volume  superposition  of 
the  incident  laser  beams  results  in  the  formation  of  a  fringe 
pattern,  consisting  of  parallel  planes  of  varying  light  intensity, 
as  shown  in  Figure  2.  A  seed  particle  traversing  these  fringes 
will  scatter  a  finite  signal  of  varying  intensity,  known  as  the 
Doppler  signal  or  Doppler  burst  This  signal  when  collected 
contains  all  the  essential  information  from  which  the  velocity 
of  the  particle  can  be  estimated.  The  component  of  velocity 
measured  is  in  the  plane  of  the  two  incident  laser  beams,  along 
a  perpendicular  to  their  common  axis.  In  the  velocimeter 
system  used  the  lens  which  gathers  the  scattered  light 
(receiving  lens)  is  housed  in  a  probe  which  also  contains  the 
focusing  lens  (transmitting  lens)  of  the  incident  laser  beams. 
This  arrangement  is  referred  to  as  backscatter  and 
unfortunately  the  intensity  of  the  scattered  light  is  weakest  in 
this  set-up.  A  photomultiplier  is  used  to  convert  the  scattered 
optical  signal  to  an  electrical  signal  and  is  subsequently 
processed  by  electronic  equipment.  For  a  detailed  explanation 
of  laser  velocimetry  see  Durst  etal  (1981). 


3.  PRACTICAL  IMPLEMENTATION  OF  LASER 
VELOCIMETRY 

There  are  many  common  problems  associated  with  the 
application  of  laser  anemometry  in  measuring  the  velocity  of 
fluid  flows.  In  most  applications  an  artificial  seed  material 
needs  to  be  introduced.  This  seed  material  must  fulfil  a 
number  of  requirements:  It  must  be  of  sufficient  site  to 
faithfully  follow  the  variations  in  the  flow  velocity.  It  alsoi  .  'st 
scatter  light  of  sufficient  intensity  to  be  detected  by 
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Figure  2  The  measurement  or  probe  volume 


modem  equipment.  Furthermore  it  is  necessary  to  provide  an 
optical  path  by  which  the  incident  laser  beams  of  the 
velocimeter  reach  the  measurement  control  volume  and  by 
which  the  scattered  light  passes  to  the  receiving  optics.  In 
moot  cases  this  is  via  glass  or  penpex  windows  fitted  into  the 
boundary  of  the  control  volume.  However  the  use  of  glass 
windows  leads  to  further  problems.  Firstly,  depending  on  the 
seed  material  used,  a  depout  nay  occur  on  the  window  which 
will  eventually  block  the  optical  path.  Secondly,  it  is  an 
inherent  property  that  when  the  measuring  volume  is  located 
dose  to  the  window,  reflection  of  the  incident  light  beams  will 
occur  from  the  surface  of  the  windows,  known  as  flare'.  In  the 
case  of  a  velocimeter  operating  in  backscaiter,  the  flare  will 
mix  with  the  scattered  light  from  the  seed  particles.  This  is 
referred  to  as  signal  noise  and  often  can  obscure  the  weaker 
scattered  light  signal.  A  similar  problem  which  is  general  to 
many  applications  occurs  when  measurements  are  made  in 
clone  proximity  to  boundary  walls.  Again  light  reflected  from 


the  incident  laser  beams  striking  the  boundary  walls  is  present 
in  the  signal  as  noise  and  as  before  may  obscure  the  Doppler 
signal. 

It  is  clear  therefore  that  any  successful  application  will 
require  consideration  of  the  above  problems,  producing  an 
adequate  seed  material  and  reducing  the  noise  level  associated 
with  flare  to  give  an  optimum  value  of  the  signal  to  noise  ratio. 


4.  PROBLEMS  ASSOCIATED  WITH  THE 
APPLICATION  OF  LASER  DOPPLER  VELOC1METRY  TO 
A  RADIAL  TURBINE  ROTOR 

Laser  Doppler  velocimetry  measurements  in  a  radial 
turbine  rotor  offer  additional  problems  to  the  above.  The 
physical  makeup  of  the  turbine  rotor  requires  the  strobing  of  a 
velocimeter  which  operates  in  backscatter  as  a  means  of 
collecting  data  within  the  rotating  passages.  At  the  high 
rotational  speeds  associated  with  turbomachinery,  design  of 
electronic  strobe  units  can  be  difficult.  The  size  and  nature  of 
the  seed  particles  is  critical  to  success.  Rapid  rates  of 
acceleration  coupled  with  the  influence  of  high  centripetal 
forces  require  that  the  seed  particles  must  be  maintained  below 
1  pm.  However  particles  below  0.S14S  pm  (the  laser  light 
wavelength)  scatter  light  of  intensity  often  insufficient  to  be 
detected.  This  lower  limit  however  is  not  critical  but  if  all 
particles  were  below  it  then  no  signal  would  be  detected  at  all. 

Additional  requirements  of  a  seed  material  are  that  they 
must  not  combust  in  the  hot  gases,  often  in  the  range  of  873  K 
passing  through  the  turbine.  Generally  solid  particles  are 
therefore  required.  It  is  possible  however  to  carry  out  cold 
flow  testing  at  gas  temperatures  which  would  permit  liquid 
seeding  to  be  used.  Fouling  of  the  optical  access  window  then 
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becomes  a  major  problem  restricting  the  experimental  time 
before  a  window  needs  to  be  removed  and  cleaned. 

Further  fouling  of  the  optical  access  windows  may  occur 
as  a  result  of  other  contaminants,  i.e.  soot  contained  within  the 
working  fluid  or  as  has  occurred  in  the  current  project,  oil  from 
the  bearing  housing  of  the  turbocharger  rotor. 

It  is  therefore  a  complex  problem  to  design  a  test  facility 
upon  which  laser  Doppler  velocimeter  tests  can  be  carried  out 
successfully.  All  of  the  above  problems  must  first  be 
overcome. 


5.  THE  TEST  FACILITY  AT  QUEENS  UNIVERSITY 

In  designing  the  current  test  facility  at  Queens  a  solution 
to  each  problem  was  sought  as  it  was  encountered.  The 
existing  test  facility  is  shown  in  Figure  3.  The  basic  unit 
consisted  of  a  proprietary  turbocharger  as  shown  in  Figure  4. 


AQUEOUS  N«CI 
SOLUTION  INLET 


Figure  3  Turbine  test  facility 


Table  1  Details  of  turbine  test  rotor 


The  turbine  rotor  under  test  had  the  specifications 
shown  in  Table  1 .  Propane  gas,  combusted  in  a  supply  of  air 
obtained  from  an  industrial  screw  compressor  was  used  to 
drive  the  turbine  and  exhausted  to  the  atmosphere  downstream. 
The  work  output  from  the  turbine  was  absorbed  by  the 
centrifugal  compressor  which  acted  as  a  dynamometer.  In  the 
following  the  solution  to  the  various  problems,  both  practical 
and  technical  is  described. 


5.1  Seeding 

In  designing  the  seeding  system  the  characteristics  of 
the  radial  turbine  were  utilised.  Seed  particles  conforming  to 
the  required  dimensions  were  formed  by  evaporating  atomised 
droplets  of  an  aqueous  solution  of  common  salt,  NaCl,  within 
the  hot  inlet  turbine  gases  to  give  crystals  of  salt.  These 
droplets  were  produced  and  introduced  to  the  flow  by  a 
standard  Monarch  F-80  fuel  nozzle  positioned  a  distance 
upstream  of  the  turbine.  The  evaporation  of  the  droplets 
resulted  in  a  temperature  drop  in  the  region  of  the  nozzle  and 
the  nozzle  was  positioned  well  upstream  of  the  turbine  inlet  so 
that  the  fluid  was  fully  mixed  out  at  turbine  inlet.  The  size  of 
the  salt  crystals  was  controlled  by  varying  the  upstream 
temperature  of  the  working  fluid.  Figure  5  shows  a  diagram  of 
the  seeding  system 


Figure  5  Aqueous  NaCl  Seeding  System 


A  major  advantage  of  the  seeding  system  that  has  been 
designed  is  that  the  whole  mass  flow  through  the  turbine  rotor 
was  seeded  as  opposed  to  the  partial  seeding  of  the  flow 
obtained  by  the  more  common  method  of  point  injection  With 
point  injection  the  seed  inlet  is  positioned  upstream  of  the  rotor 
wheel  at  the  inlet  to  one  of  the  stator  nozzle  passages.  As  each 
blade  passage  passes  the  seeded  nozzle,  an  amount  of  seed  is 
carried  inside  the  rotor  passage  by  the  air  mass  flow  and  passes 
down  through  the  passage  to  outlet.  In  preliminary  tests 
carried  out  using  point  injection  it  proved  difficult  to  ensure 
that  the  seeding  within  the  rotor  passage  coincided  with  the 
measurement  volume  of  the  velocimeter.  This  problem  was 
heightened  by  fluctuations  in  the  rotational  speed  of  the  rotor 
due  to  changes  in  turbine  inlet  temperature  Furthermore, 
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point  injection  proved  inflexible  when  a  number  of  different 
measurement  stations  were  required  to  be  considered  or  when 
the  rotor  test  speed  was  to  be  varied. 

5.2  By-Pass  Combustion  Chamber 

With  no  by-pass  line  in  the  turbine  air  supply  line, 
initial  testing  at  low  turbine  inlet  temperatures  proved  difficult. 
Firstly,  combustion  was  unstable  and  difficult  to  maintain  and 
secondly,  but  more  importantly,  the  combustion  of  the  propane 
was  unclean  and  fouling  of  the  optical  access  window  resulted. 
A  by-pass  line  with  control  valve  was  then  added  to  the  test 
facility  to  allow  the  propane  to  be  burned  at  a  more  suitable 
temperature. 

5.3  A  Fluorescence  Technique  to  Aid  Near  Wall 
Measurements 

To  aid  near  wall  measurements  to  be  made,  a 
fluorescent  technique  was  developed  which  again  utilised  the 
characteristics  of  the  turbine.  The  principle  of  the  technique 
was  based  on  the  fluorescent  compound  Rhodamine  6G  found 
as  an  ingredient  in  fluorescent  paints.  Figure  6  shows  the 
absorption  and  fluorescence  spectrum  of  this  compound.  The 
wavelength  of  the  laser  light  used  in  this  project,  514.5  nm, 
falls  within  the  absorption  spectrum.  Any  light,  with 
wavelength  falling  within  the  absorption  spectrum, 
illuminating  Rhodamine  6G  is  absorbed  by  the  compound 
which  then  emits  light  at  wavelengths  within  the  fluorescence 
spectrum. 
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Figure  6  Absorption  and  emmision  spectrum  of 
Rhodamine  6G 


To  apply  the  technique  required  that  the  surfaces  near 
which  laser  Doppler  velocimeter  measurements  were  to  be 
made  were  coated  with  a  paint  containing  the  Rhodamine  6G 
ingredient  The  incident  laser  beams  of  the  velocimeter  were 
absorbed  by  the  paint  and  fluorescence  occurs.  By  choice  of  a 


suitable  optical  bandpass  filter  placed  in  the  receiving  optics 
the  fluorescence  wavelengths  were  filtered  out  leaving  only  the 
required  Doppler  signal.  One  problem  which  may  exist  in 
general  applications  is  that  a  laser  beam  falling  consistently  on 
the  same  spot  of  paint  would  cause  the  paint  to  bum.  However 
in  a  rotating  rotor  the  incident  beams  are  only  striking  the  same 
point  for  a  finite  time  once  every  revolution,  certainly  not 
sufficiently  long  enough  to  bum  the  paint  at  the  laser  powers 
required  for  laser  Doppler  velocimetry. 

5.4  Off-Axis  Collection  of  Doppler  Signal 

As  a  solution  to  the  problem  of  flare  at  the  optical 
access  window,  off-axis  collection  was  incorporated.  This  can 
be  understood  by  a  consideration  of  Figure  7.  The  path  of  the 
reflected  laser  light  is  so  as  it  does  not  pass  into  the  receiving 
optics.  Care  needed  to  be  taken  when  positioning  the 
measurement  volume  as  the  effects  of  refraction  at  the  glass 
window  caused  translation  of  the  measuring  volume. 


OFF  AXIS  COLLECTION 


ORIGINAL  SET-UP  OFF-AXIS  COLLECTION 

Figure  7  Off  axis  collection  of  scattered  light 


6.  EXDUCER  MEASUREMENTS 

Preliminary  tests  results  have  been  carried  out  within 
the  exducer  section  of  the  rotor  to  determine  the  effectiveness 
of  the  above  techniques. 

A  specimen  of  seed  particles  was  collected  under  test 
conditions  just  downstream  of  the  rotor  outlet  and  examination 
under  a  microscope  revealed  that  the  majority  (greater  than 
95%)  were  of  sub-micron  size. 

The  effectiveness  of  the  fluorescence  technique  was 
estimated  by  observing  the  level  of  noise  on  an  oscilloscope, 
firstly  with  the  filter  in  line  and  secondly  with  it  removed.  The 
filtered  signal  noise  level  was  reduced  to  within  20  %  of  its 
unfiltered  value  (in  determining  this  the  peak  transmittance  of 
the  filter  which  was  50  %  of  the  incident  light  intensity,  was 
taken  into  account).  Measurements  were  obtained  up  to  0.5 
mm  from  the  blade  surfaces. 
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7.  DISCUSSION 

The  effectiveness  of  the  test  facility  thus  far  has  been 
encouraging  in  view  of  the  preliminary  measurements  that 
have  been  made.  Measurements  were  achieved  within  a 
distance  of  0.5  mm  of  the  blade  surfaces  thus  proving  the 
success  of  the  fluorescence  technique.  However  there  are  a 
few  drawbacks  with  the  technique.  Firstly  a  suitable  high 
temperature  fluorescent  paint  has  of  yet  not  been  obtained  and 
a  standard  fluorescent  paint  of  the  type  used  by  model  makers 
has  instead  been  used.  The  maximum  working  temperature  of 
this  paint  has  been  found  to  be  393  K  and  as  a  result  cold  flow 
testing  had  to  be  earned  out  operating  at  an  inlet  temperature 
of  373  K.  Furthermore,  it  was  noticed  that  when  carrying  out 
off  design  tests,  that  abrasion  of  the  paint  on  the  blade 
surfaces  at  the  rotor  inlet  occurred.  This  was  most  likely  due 
to  seed  particles  impinging  on  the  blade  surfaces.  However 
further  downstream,  where  the  authors  are  most  interested  in 
the  flow  patterns,  the  paint  remained  unaffected. 

The  cost  of  an  optical  filter  with  a  bandwidth  suitable 
lor  use  in  the  technique  was  extremely  cheap,  in  the  range  of 
£50stg  for  a  filter  with  centre  wavelength  of  514.5  nm  and 
bandwidth  of  10  run.  The  power  of  the  transmitted  light 
through  the  filter  however  was  reduced  by  50  %.  As  a  result 
signals  of  weak  intensity  were  lost.  This  problem  could  be 
somewhat  counteracted  by  increasing  laser  power  so  as  the 
intensity  of  the  scattered  light  was  increased.  With  more 
common  methods  of  flare  reduction,  such  as  the  use  of  a  matt 
black  paint  to  coat  the  blade  surfaces,  increasing  laser  power 
results  in  a  reduction  of  the  signal  to  noise  ratio.  However  the 
effect  here  was  to  increase  fluorescence  which  was  then 
filtered  out  and  ultimately  the  effect  on  signal  to  noise  ratio 
was  little.  . 

The  use  of  the  salt  particles  as  a  means  of  seeding  has 
proved  most  satisfactory.  The  vast  majority  of  the  particles  are 
below  1  pm  and  are  therefore  suitable  for  velocimetry 
measurements.  However  for  those  that  are  not  the  counter 
processor  used  in  the  velocimetry  system  possessed  an 
amplitude  filter  which  effectively  neglected  signals  above  a 
certain  intensity  i.e.  those  from  the  largest  particles.  By 
optimising  laser  power  and  the  amplitude  filter  suitable  data 
rates  were  obtained  for  tests  to  be  carried. 

The  mechanism  by  which  the  salt  particles  were 
produced  remains  unclear.  It  is  suspected  that  at  suitable 
concentrations,  22.2  cc  of  NaCI  per  litre  HjO,  that  individual 
atomised  droplets  of  the  aqueous  NaCl  form  a  number  of  solid 
crystal  particles  of  NaCl  whose  size  and  hence  number 
depends  on  the  rate  of  evaporation  of  the  H,0.  This  in  turn  is 
controlled  by  the  upstream  temperature  and  the  mass  flow  of 
the  air  through  the  turtnne.  However  at  concentrations  of  NaCl 
in  excess  off  30.0  cc  per  litre  H,0  it  was  found  that  many  larger 
particles  began  to  form  as  well  as  the  smaller  particles.  It  was 
suspected  that  this  resulted  from  too  high  a  concentration  of 
salt  particles  within  the  inlet  flow  with  a  subsequent 
agglomeration  of  particles  A  limiting  concentration  of  the  salt 
solution  was  therefore  realised. 


8.  CONCLUSIONS 

Implementation  of  the  laser  Doppler  velocimetry 
technique  to  particular  applications  often  requires  the  ingenuity 
of  the  test  operator  to  create  a  test  facility  upon  which  valid 
velocity  measurements  can  be  made,  hi  the  case  of  a  radial 
inflow  turbine  many  problems  associated  with  the  application 
of  the  technique  have  been  highlighted  in  the  former.  By 
utilising  the  characteristics  of  the  radial  inflow  turbine  tire 
authors  have  created  a  suitable  test  facility  upon  which  laser 
Doppler  Velocimetry  can  be  carried  out. 
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ABSTRACT 

The  present  work  describes  the  use  of  the  laser  Doppler 
veloci meter  as  a  tool  for  flow  mapping  in  a  complex  geometry 
such  as  vaneless  centrifugal  blood  pump.  A  typical  in  vitro  test 
bench  was  assembled  with  some  characteristics  for  optical 
measurements  of  flow  velocity.  Due  to  the  complex  geometry, 
refractive  index  matching  was  obtained  by  assembling  around 
the  pump  a  Plexiglass  box  filled  with  the  working  fluid.  The 
measurements  reveal  that  the  constrained  forced  vortex 
technology,  in  which  this  pump  is  based,  provides  pumping 
action  in  a  restricted  area  in  the  core  of  the  pump. 


1.  INTRODUCTION 

The  reasons  for  exploring  the  applicability  of  centrifugal 
pumps  as  a  heart  assist  device  were  the  problems  associated  to 
the  use  of  the  pulsatile  pneumatic  artificial  vcntriculc.  Saxton 
and  Andrews  (1960)  pointed  out  that  the  big  size,  the  high  power 
requirements  and  the  accelerated  degradation  of  plastic 
components  after  many  hours  of  use  were  the  main  limitations  of 
pulsatile  devices.  At  present,  among  the  currently  available 
devices,  centrifugal  blood  pumps  receive  special  attention  for 
their  simplicity,  relatively  low  cost  of  utilization  and  low 
hemolysis  level.  The  constrained  vortex  technology,  used  in  the 
construction  of  vaneless  centrifugal  pumps  (Kletchka  et  al, 
1973),  has  eliminated  the  need  for  the  vanes,  and  the  blood, 
gently  pumped  by  the  action  of  its  viscosity,  may  circulate  in  the 
system  with  low  doses  of  anticoagulants.  HowcveT,  all  these 
important  features  are  not  enough  to  guarantee  mechanical 
reliability  and  low  blood  cells  damage  in  the  long  term 
operation.  Additionally,  an  optimal  situation  in  which  the 
volume  of  blood  needed  for  operation  (prime's  volume)  is 
minimal  and  performance  is  maximum  have  not  been  achieved 
yet. 

It  is  known  that  proper  development  of  centrifugal  blood 
pumps  requires  four  tools: 

•  Hydraulic  measurements,  which  gives  a  basic  feeling  on  pump 
performance  and  a  global  value  of  its  efficiency. 

•  Computational  FluiH  Dynamics  (CFD),  which  helps  to 
determine  problem  areas,  but  cannot  yet  be  applied  for 
quantification  of  blood  trauma. 

•  Flow  visualization  and  local  velocity  measurement,  which 


require  high  investment  for  each  tested  version,  but  may  verify 
computer  calculations  and  give  data  on  regions  that  are  not 
accessible  to  numerical  simulations. 

•  In  vitro  blood  tests,  which  provide  reliable  data  of  the  overall 
performance,  but  no  direct  information  on  regional  influences. 

For  pump  development  all  these  four  methods  should  be 
combined  to  get  an  overall  understanding  of  the  investigated 
device.  A  very  useful  feature  resulting  from  the  use  of  CFD  is 
providing  information  of  the  flow  in  a  ventricular  assist  device, 
even  if  it  does  not  exist  physically.  Due  to  the  complexity  of 
such  devices,  successful!  attempts  of  CFD  have  been  overshaded 
by  the  lack  of  experimental  confrontation. 

Flow  visualization  and  velocity  measurements  have  been 
described  in  the  literature  for  pulsatile  heart  assist  devices 
(Baldwin  ct  al.  1990;  Jin  &  Clark.  1993;  Bertram  &  Nugent, 
1993).  Recirculating  and  stagnant  flows  were  possible  to 
observe  in  a  sac-type  pneumatically  driven  device  and  in  a 
pusher  plates  pump.  For  nonpulsatile  devices,  Schima  et  al  1993 
have  described  flow  visualization  in  an  upscale  model  of 
impeller  centrifugal  pump.  In  such  type  of  device,  the  presence 
of  extremely  high  velocity  gradients  in  the  vicinity  of  the  vanes 
limits  the  application  of  CFD  methods  and,  consequently,  flow 
measurements  using  a  non- invasive  technique  is  recommended. 

In  the  case  of  vanelcss  centrifugal  pumps,  numerical 
models  are  stable  enough  to  provide  information  about  the  flow 
in  the  device  and  may  be  compared  to  experimental 
measurements  obtained  from  Laser  Doppler  Velocimeter. 
(LDV). 

To  provide  information  regarding  the  flow  in  a  vanelcss 
centrifugal  pump  (rotating  concentric  cones),  which  are  not 
available  in  the  open  literature,  a  tesi  circuit  was  assembled  with 
special  characteristics  for  optical  measurements.  The  present 
work  describes  the  use  of  the  LDV  technique  as  a  tool  for  flow 
mapping  and  the  procedures  to  obtain  the  refractive  index 
matching  between  the  working  fluid  and  the  pump  are  discussed. 

2.  MATERIALS  AND  METHODS 
2.1.  The  Device 

The  device  studied  is  commonly  used  in  ventricular 
assistance  and  in  cardiopulmonary  bypass  procedures.  The  pump 
is  formed  by  three  concentric  cones  (Fig.  1)  assembled  on  a 
magnetic  rotor.  A  magnet  at  the  base  of  the  cones  is  married  to  a 
console  magnet.  The  console  turns  the  magnets  and  the  cones 
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spin.  As  the  cones  rotate,  energy  is  imparted  to  the  fluid  in  two 
forms,  potential  energy  (pressure),  and  kinetic  energy  (now). 
The  multiple  cones  assembly  is  to  increase  the  internal  surface 
area  which  provides  an  increasing  of  the  energy  imparted  to  the 
ttuid.  At  the  pump’s  suction  inlet,  the  negative  pressure,  caused 
by  centrifugal  effects,  induces  the  blood  now  into  the  pump's 
rotating  channels.  Then,  the  momentum  imparted  by  the  rotating 
surfaces  is  transmitted  to  the  blood  by  the  fluid-surface 
interaction  due  to  viscous  drag.  There  is  also  fluid-fluid 
interaction  in  the  bulk  of  the  fluid  where  an  interplay  between 
viscous  forces  and  inertia  forces  exists  to  balance  the  pressure 
gradient  established  within  the  rotating  channels.  The  magnitude 
of  the  viscous  and  inertia  forces  depends  on  flow  regime.  The 
pumping  action  occurs  due  to  the  centrifugal  force  induced  by 
the  rotational  speed  of  the  fluid,  and  the  magnitude  of  the 
pressure  gradient  depends  on  the  magnitude  of  the  through  flow 
and  rotational  speed  of  the  disks. 

Finally,  at  the  end  of  the  rotating  channels,  the  fluid  is  led 
to  the  exit  tube  by  a  voluta  type  channel  in  the  pump's  housing. 


j*i - 76.5  m m  ... 

Fig.  1  -  Schematic  representation  of  the  vanclcss  pump  (multiple 
smooth  rotating  cones). 


2.2.  The  experimental  system  and  the  measurement  technique. 

A  typical  in  vitro  test  bench  was  assembled  in  order  to 
reproduce  flow  resistance  of  a  circulatory  system.  Figure  2 
depicts  schematically  the  test  circuit. 

Flow  rate  is  monitored  by  a  turbine  flow  meter  (6),  whose 
uncertainty  is  around  0.3%.  Flow  rate  can  be  regulated  by  a 
flow  resistor  (5).  Pump  rotating  speed  can  be  varied  by 
controlling  the  excitation  voltage  of  the  brushless  DC  motor  in 
the  console  (4)  and  it  is  measured  by  an  optical  proximity 
sensor  installed  on  the  pump  rotor.  Pressure  rise  across  the 
pump  is  monitored  by  a  U-tubc  differential  manometer  (7). 

Main  difficulty  in  performing  velocity  measurements 
inside  the  vanclcss  pump  is  related  to  its  small  dimensions  and 
very  complex  geometry.  Only  a  non  invasive  measurement 
technique,  as  LDV,  can  be  employed  for  velocity  measurement 
in  such  flow.  Nevertheless,  pump  geometry  imposes  the 
application  of  a  Refractive  Index  Matching  (RIM)  technique  to 
access,  with  the  LDV  measurement  volume,  the  inner  regions  of 
the  pump.  In  fact,  its  double  curvature  and  the  difference 
between  refractive  index  of  air.  plexiglass  and  the  working  fluid 
would  produce  firing?  distortion,  affect  probe  volume  location  or 
even  impair  its  formation  inside  the  pump.  For  these  reasons  the 
working  fluid  was  prepared  in  order  to  have  the  same  refractive 


index  of  the  pump's  constructive  material  (Plexiglass). 


Fig.  2-  The  test  circuit.  (1 )  cylindrical  lank,  (2)  control  valve,  (3) 
centrifugal  pump,  (4)  control  unit,  (5)  flow  resistor,  (6)  turbine 
type  flow  meter  and  (7)  U-tubc  differential  manometer. 

Although  proper  refractive  index  matching  between 
working  fluid  and  device  was  obtained,  a  suitable  system  of 
reference  was  difficult  to  be  adopted  because  of  the  complex 
geometry  of  the  pump.  Fulhermore,  refraction  at  the  curved 
external  walls  of  the  pump  distorts  significantly  the 
measurement  volume  dimension,  orientation  and  fringe  pattern 
itself.  The  elimination  of  curved  boundary  between  regions  of 
different  refractive  index  (air  and  Plexiglass)  was  possible  by 
means  of  a  prismatic  box  Tilled  with  the  working  fluid  assembled 
externally  to  the  pump's  housing.  This  procedure  allows  the 
utilization  of  a  cartesian-based  system  of  reference  and 
eliminates  distortions  of  the  measurement  volume.  Figure  3 
shows  the  prismatic  transparent  box  installed  around  the  pump 
and  the  relative  position  of  the  cartesian  reference  frame.  The 
dashed  line  indicates  the  Z  position  where  the  measurements, 
presented  in  this  work,  were  performed. 

By  employing  this  technique,  no  corrections  were  used 
for  the  measured  velocity  data  and  the  measurement  volume 
position  could  be  easily  determined  by  knowing  refractive  index 
of  the  fluid/Plcxiglass  relative  to  air. 

The  working  fluid  (79%  saturated  aqueous  solution  of 
Nal,  20%  glycerine  and  1%  distilled  water,  by  volume)  was 
chosen  to  match  transport  properties  of  blood  and  optical 
properties  of  Plexiglass.  At  25°C,  the  blood  analog  fluid  has  an 
absolute  viscosity  (T))  of  4.2  x  10'^  kg/ms  (measured  with  a 
rotoviscometcr  at  shear  rates  of  1000  and  2000  s'*)  and  density 
(p)  of  1682.9  kg/m-*  ,  resulting  in  a  kinematic  viscosity  (v)  of 
2.5  x  10***  m^/s.  The  measured  refractive  index  of  the  solution  is 
1 .486  (±  0.006),  which  matches  accurately  the  refractive  index 
of  Plexiglass. 

Such  fluid  at  25°C  satisfies  Reynolds  similitude  to  blood 
at  37°C.-  its  kinematic  viscosity  is  similar  to  the  blood  at  shear 
rates  above  500  s'*. 
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Fig.3  -  The  Plexiglass  prismatic  box  assembled  in  pump's 
housing.  The  whole  pump,  immersed  in  a  box  filled  with  the 
working  fluid  allows  the  utilization  of  the  cartesian  system  of 
rcfcrcncc.and  renders  refraction  possible  only  across  flat 
surfaces. 

A  four  beam  Ar+  ion  based  LDV  system  was  used  in  a 
backscattcr  configuration  for  two  component  velocity 
measurements.  For  each  component,  the  beams  of  identical 
wavclcnghts  were  crossed  at  their  beam  waists  to  form  an 
ellipsoidal  measurement  volume.  With  a  160  mm  focal  lenghl 
len,  the  resulting  ellipsoid,  computed  inside  the  pump,  had 
diameter  of  0.0781  mm  and  lenght  of  0.9779  mm.  The 
dimensions  of  die  measurement  volume  are  sufficiently  small, 
compared  to  channel  width,  to  resolve  axial  and  radial  velocity 
profiles  along  the  X  axis  and  to  resolve  axial  and  tangential 
velocity  profiles  along  Y  axis.To  measure  negative  velocities. 
Bragg  cells  were  used  to  shift  the  frequency  of  one  of  the  two 
beams  for  each  component  by  40  MHz.  The  two  sample 
volumes  were  coincident  and  were  oriented  so  that  orthogonal 
velocity  components  were  measured. 

Velocity  data  arc  collected  with  no  reference  to  rotor 
angular  position,  due  to  its  symmetry.  A  fiber  optic  probe  was 
used  for  beam  delivery;  its  optical  axis  is  aligned  to  the  Y  axis 
of  the  pump  reference  frame.  Quality  of  refractive  index 
matching  can  be  experimentally  obseved  by  looking  at  beams 
shone  luross  the  pump  corn's  they  icmiun  stiaiglu  ami 
reflections  at  each  cone  surface  are  minimized. 

Measurement  volume  is  moved  across  the  pump  by  a 
three  axis  traversing  system.  Motions  along  X  and  Y  axis  are 
driven  by  step  motors  (±  0.01  mm  uncertainty),  while  Z  motion 
is  manually  controlled  (±  0.05  mm).  Alignment  is  performed 
with  respect  to  the  external  box  and  to  the  inner  walls  of  the 
pump's  housing.  It  should  be  stressed  that  these  pumps,  being 
manufactured  in  Plexiglass  by  a  casting  technology,  exhibit 
large  geometric  tolerances. 

Signals  arc  processed  by  two  burst  spectrum  analyzers, 
operated  in  a  buTSt  mode,  due  to  scarsc  natural  seeding  density. 
The  sampling  rate  of  the  LDV  was  dependent  on  the  rale  of 
occurence  of  the  Doppler  bursts  and  the  power  of  the 
photomultipliers.  In  the  experiments,  without  added  seeding 
particles,  data  rate  was  generally  in  the  range  between  20  and 


1 50  Hz  depending  in  the  location  of  the  measurement  volume 
(low  rates  in  the  near-wall  regions).  In  order  to  sample  a 
statiscally  meaningful  population  at  each  measurement  point, 
10000  data  were  collected  and  processed  to  compute  mean  and 
RMS  velocity. 

Although  refractive  index  matching  is  achieved  with  less 
than  ±1%  uncertainty,  coincidence  of  the  blue  (488nm)  and 
green  (514.5nm)  measurement  volumes  was  observed  not  to  be 
good  when  beams  cross  more  than  six  plexiglass  surfaces  and 
consequently,  reducing  validated  data  rate  if  measurements  arc 
taken  in  coincidence  mode.  Therefore,  this  first  investigation  is 
performed  without  imposing  coincidence  on  Doppler  signals. 

Special  attention  should  be  paid  to  practical 
measurements  problems  which  arise  if  the  working  fluid  is  in 
contact  with  air  and  polychromatic  light,  due  to  rapid  oxidation 
which  leads  the  redution  of  its  optical  transmission  coefficient 
for  the  blue  and  green  light.  If  such  thing  happens  data  rate  and 
signal  to  noise  rate  drop  and  measurements  cannot  be  taken. 
The  fluid  degradation  was  delayed  by  assembling  a  hermetic 
test  circuit  and  protecting  it  from  polychromatic  light. 

3.  RESULTS 

The  objectives  of  the  measurements  presented  in  the  this 
work  arc  twofold;  to  evaluate  the  effects  of  the  rotational  speed 
of  vanclcss  cones  on  the  flow  and  to  observe  possible  regions  of 
undesirable  recirculating  flow. 

It  has  been  experimentally  observed  that  the  red  blood 
cells  (RBC)  damage  in  a  shear  flow  is  due  to  two  factors  acting 
at  the  same  time;  the  level  of  shear  stress  and  the  exposure  time 
of  the  cell  membrane  to  these  forces  (Levcrcti  et  al, 
1972;.Su\cra,  1977;  Blackshcar  &  Rlackshcar,  1987).  Hence,  a 
low  level  of  hemolysis  can  be  expected  in  flows  with  high  shear 
stress  if  the  exposure  time  is  short  enough.  Conversely,  high 
level  of  hemolysis  can  be  expected  in  flows  with  low  shear 
stress  if  the  exposure  lime  is  long  enough.  A  desirable  feature  in 
a  blood  pump  would  be  low  shear  stress  and  short  exposure 
limes.  Evidently,  these  two  characteristics  arc  difficult  to  be 
found  al  the  same  time  because  short  exposure  time  means 
incrcsing  shear  stresses  in  the  flow.  Therefore,  an  optimal 
compromise  between  them  should  be  achieved. 

The  measurements  were  performed  in  the  x-y  plane  at  z  = 
-5  mm,  taken  as  reference  the  cartesian  system  of  Fig.  3.  The 
flow  resistor  was  regulated  to  impose  a  resistance  of  122  x  10** 
N  s  nt'^  (1220  dyn  s  cin"^)  to  reproduce  a  typical  level  of 
systemic  vascular  resistance.  Rotational  speed  of  1800  and  3000 
rev/min  were  switched  in  the  console  to  generate  flow  rates  of 
2.2  mill  3.9  t/uiiii,  lexpeetively  typical  values  lot  adult 
ventricular  assistance. 

In  figs.  4,  5  and  6,  internal  boundary  of  the  stationary 
walls  (pump's  housing)  and  the  rotating  cone  arc  represented  by 
straight  lines  intercepting  X  axis  at  -13  and  13  mm  (thick  lines), 
and,  at  -8.9  and  8.9  mm,  respectively. 

The  particles  of  the  fluid  follows  a  spiral  trajectory  inside 
the  pump.  The  driving  force  of  such  flow  arc  the  viscous 
drag.which  acclcratcs  the  fluid  along  divergent  channels  and  the 
pressure  gradient  induced  by  the  costrained  forced  vortex.  The 
pressure  gradient,  established  between  the  outlet  and  the  inlet  of 
the  pump  is  balanced  by  the  viscous  and  inertial  forces  of  the 
flowing  fluid.  Therefore,  in  regions  of  the  flo-.  where  this 
balance  is  not  verified,  i.e.  near  a  stationary  wall,  a  backflow 
may  occur. 

Once  established,  such  flow  pattern  may  be  easily 
observed  in  the  axial  velocity  profile.  This  velocity  component 
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(parallel  of  Z  axis)  gives  information  on  the  pumping  action  in 
the  plane  of  measurements  and  has  the  same  orientation 
displayed  in  fig.  3  -  upward  positive. 

Figure  4  shows  the  axial  velocity  profile  along  the  X  axis. 
In  the  external  channel  formed  by  a  stationary  and  a  rotating 
walls  (X  <  -8.9  and  X  >  8.9),  the  velocity  profile  which  has 
similar  profiles  for  both  rotational  speed  is  oriented  upward, 
denoting  a  backflow.  The  presence  of  a  stationary  wall  and  the 
divergent  geometry  of  the  channel  make  that  the  positive 
pressure  gradient,  between  inlet  and  outlet,  became  high  enough 
to  overcome  the  fluid  forces,  therefore  inducing  backflow.  From 
basic  fluid  mechanics  theory  (Schlichting,  1979)  it  is  known  that 
boundary  layer  thickness  for  a  stationary  wall  in  a  rotating  fluid 
is  twice  the  thickness  for  the  case  of  a  rotating  wall  in  a 
stationary  fluid.  This  may  be  the  reason  for  the  asymmetry  of  the 
axial  velocity  -  negative  velocities  more  pronunciated  in  the  wall 
side  -  profile  in  the  external  channel. 

On  the  other  hand,  inside  the  rotating  cone  (-8.9  <  X  < 
8.9),  the  flow  is  clearly  downward  and  the  profile  reveals  the 
action  of  the  interplay  between  viscous  drag  (pumping  driving 
force)  and  centrifugal  forces  in  the  region  near  the  rotating 
surfaces,  and  pressure  induced  gradient  in  the  core  of  the  flow. 


*  1800  rpm 

«  3000  rpm 


X  (mm) 

Fig.  4  -  Axial  velocity  along  X  axis  at  Z  =  -5  mm  The  balance 
between  viscous/inertial  forces  and  the  established  pressure 
gradient  along  the  pump  determines  the  signal  of  the  axial 
velocity. 

Radial  velocity  is  parallel  to  the  X  axis  and  its  orientation 
is  the  same  displayed  in  fig.  3  (positive  values  arc  left-to-righi 
direction).  This  component  gives  information  on  the  flow  across 
the  channel  and  low  values  arc  expected  to  be  found.  At  1 800 
rev/min,  radial  velocity  profile  displays  a  discrete  symmetry  in 
the  central  channel.  As  the  rotational  speed  increases  (3000 
rev/min),  the  effects  of  misaligncmcnts  of  the  rotor  shaft  leaves 
its  signature  on  the  radial  velocity  profile.  The  flow  in  this 
region  is  influenced  by  the  vortex  induced  by  the  rotating 
channel  and  by  the  disturbance  due  to  the  rotating  edge  of 
another  cone  few  milimeters  below.  Such  disturbance  is  due  to 
the  increasing  pumping  action  which  acelcratcs  the  fluid  in  the 
core  of  the  established  vortex  and,  at  the  same  time  there  is  a 
flow  rearrangement  due  to  the  presence  of  the  rotating  cone 
which  induces  the  fluid  towards  itself.  Additionally,  the  presence 
of  another  rotating  channel  few  milimeters  below  the 
measurement  plane  induces  a  stagnation  region  in  the  border  of 
the  induced  voticx.  It  should  be  noticed  that  "stagnation  region" 
means  that  them  is  no  flow  downward  or  upward,  and  obviously 


a  fluid  particle  maintains  its  tangential  velocity  describing  a 
circular  pathlinc. 


4  1800  rpm 

•  3000  rpm 
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Fig.  5  -  Radial  velocity.  The  increasing  of  the  rotational  speed 
reveals  a  misalignment  in  the  rotor  shaft. 

It  may  observed  that  the  actual  pumping  effect  of  the 
rotating  cone  occurs  in  a  restricted  area  in  the  core  of  the  flow, 
where  the  radial  and  tangential  components  vanishe  and  the 
axial  velocity  reaches  its  maximum  levels.  In  the  border  of  this 
region,  called  constrained  forced  vortex,  exist  radial  and 
tangential  velocity  gradients  which  render  possible  the  mass 
conservation  in  this  pump  section. 

The  tangential  velocity  profile  is  displayed  in  Fig.  6, 
below.  It  was  possible  to  measure  the  tangential  velocity  of  the 
rotating  cone.  As  expected,  the  tangential  component  reaches  its 
maximum  values  in  the  rotating  wall  and  decreases  as  the 
measurement  volume  is  placed  away  from  the  cone.  In  the 
vortex  core  the  tangential  velocity  profiles  exhibits  the  same 
pattern  with  values  near  zero.  This  is  not  verified  in  the  external 
channel,  formed  by  a  rotating  and  a  stationary  wall.  The  profiles 
arc  similar,  but  the  values  of  the  tangential  velocity  are  greater 
for  3000  rev/min.  The  ratio  between  the  measured  tangential 
velocity  for  both  operational  situations  in  the  each  grid  position 
is  about  5/3,  the  same  ratio  between  the  rotational  speed 
imposed  to  the  cones  (3000/1800). 


*  1800  rpm 
©  3000  rpm 
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Fig  ft  -  Tangential  velocity.  The  profile  at  the  center  of  the  pump 
reveals  the  pumping  action  of  the  constrained  forced  vortex. 
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4.  CONCLUSION 

This  paper  reports  preliminary  measurements  in  a 
nonpulsatilc  ventricular  assist  device.  A  test  circuit  was  designed 
to  reproduce  the  flow  resistance  of  an  adult  human  and  to  allow 
optical  measurement  of  the  velocity  field  by  LDV.  Special 
attention  has  been  devoted  to  develop  a  working  fluid  which 
matches  transport  properties  of  blood  and  provides  refractive 
index  matching  necessary  for  using  optical  measurement 
techniques  in  complex  geometry.  The  influence  of  the  rotational 
speed  on  the  axial,  radial  and  tangential  profiles  arc  displayed 
and  reveals  that  the  pumping  action  of  the  vanclcss  centrifugal 
pump  is  restricted  to  a  region  where  the  constrained  forced 
vortex  is  established.  The  measurements  performed  in  this 
preliminary  study  provide  precious  information  on  the  regions  in 
which  mechanical  damage  of  blood  components  may  occur  and 
they  may  give  directions  to  future  tests. 
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ABSTRACT 

The  paper  presents  the  turbulent  flow  measurements  in  a 
vaned  diffuser  passage  associated  by  intense  turbulence  due  to 
the  wake  of  impeller  blades.  A  multi-angle  laser-2-focus 
velocimeter,  that  is  suitable  to  measuring  high-speed  flows  with 
strong  variation  of  flow  direction,  is  used  together  with  a  novel 
digital  signal  processing  technique.  From  the  ensemble 
averaging  of  the  velocity  signals  as  synchronized  with  the 
impeller-blade  motion,  it  has  been  confirmed  that  the  periodic 
fluctuation  of  velocity  vector  due  to  the  impeller  wake  persists  in 
the  middle  of  the  diffuser  passage,  and  it  is  transferred 
downstream  with  the  speed  which  is  comparable  to  the  local 
flow  velocity. 

INTRODUCTION 

It  has  been  clarified  that  about  one-third  of  the  whole 
stage  losses  takes  place  in  the  diffuser  passage  (Agrawal,  et  al., 
1991).  The  detailed  flow  measurement  in  the  diffuser  is 
therefore  of  great  engineering  importance,  and  a  number  of 
studies  on  internal  flow  have  been  undertaken  for  optimum 
design  of  turbo-machines.  Among  other  complex  flow 
characteristics  in  the  diffuser,  the  rolls  of  periodic  fluctuation 
occurring  in  diffusers  are  not  sufficiently  understood,  although 
the  extremely  strong  fluctuations  in  a  diffuser  of  centrifugal 
compressor  have  been  recognized  as  a  result  of  characteristic 
wake  of  impeller  vanes  (Krain,  H.,  1981). 

Because  of  the  high  velocity  and  fluctuation,  the 
measurement  of  the  flow  field  in  the  compressor  should  be 
undertaken  by  advanced  velocimeter.  The  multi-angle  laser-2- 
focus  velocimeter  (MALV)  is  a  variant  of  laser  two  focus 
velocimeter  (L2F),  that  takes  the  advantage  of  L2F  for  high¬ 
speed  flow  measurement  and  enables  the  instantaneous  velocity 
vector  measurements  by  using  a  pair  of  four-channel  Si- 
avalanche  photodiode  arrays.  Because  the  direction  of  the  flow 
can  be  relatively  easily  determined,  the  extreme  preciseness  in 
manufacturing  the  optical  probe,  usually  required  for  rotating 
the  probe  to  determine  the  flow  direction,  is  not  necessary,  and 
the  system  can  be  relatively  easily  miniaturized  by  using  e  g  a 
laser  diode  and  Si-avalanche  photodiodes  instead  of  the  gas 
laser  and  photo-multipliers.  These  advantages  of  the  MALV 
have  enabled  the  application  to  the  flow  measurements  in  a 
centrifugal  compressor  whose  complex  geometry  makes  it 
difficult  for  conventional  velocimeters  to  get  an  efficient  access 
of  the  measuring  probe. 

The  present  paper  documents  the  preliminary  results 
from  a  course  of  study  in  clarifying  the  complex  turbulent  flow 


field  associated  with  the  phenomena  of  rotating  stall  in  a  radial 
compressor.  Once  the  stall  occurs,  the  flow  field  is  set  under  the 
subject  of  the  strong  fluctuation  with  a  dominating  frequency  of 
stall  rotation.  The  establishment  of  the  flow  measuring 
technique  that  takes  into  account  the  periodic  nature  of  the  flow 
field  is  therefore  desired.  Apart  from  the  rotating  stall,  the  flow 
field  in  the  diffuser  part  is  strongly  affected  by  the  wake  of 
impeller  blade,  which  is  also  of  great  engineering  interest. 

The  objective  of  the  present  study  is  two  fold:  The 
primary  purpose  is  the  application  of  the  recently  developed 
MALV  system  to  the  measurements  of  flows  in 
turbomachinery.  To  clarify  the  time-dependent  feature  of  the 
flow  in  the  diffuser  passage,  is  the  secondary  purpose.  The 
discussions  will  be  made  on  the  basis  of  the  ensemble-averaging 
of  the  periodic  flow  field,  and  the  characteristic  behavior  of  the 
periodic  fluctuation  will  be  compared  with  the  time-averaged 
flow  field. 

MAL'v -SYSTEM 
Optical  Arrangement 

The  optical  arrangement  of  the  present  system  is 
schematically  shown  in  Fig.  1  (a).  A  40mW-infrared  (X=780nm) 
laser  diode  (SHARP  Inc.,  LT025MD)  was  used  as  light  source. 
The  originally  plane-polarized  light  was  changed  into  circular- 
polarized  beam  by  X/4-plate  (LP),  after  collimated  by  the  lens  1. 


Fig.  1  (a):  A  schematic  of  MALV  optical  system 
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Fig.  1  (b):  MALV  probe 
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Fig.  2  (a):  Receiving  alignment  ^ 


Fig.  2  (b):  Detection  of  direction  by  APD  arrays 


The  laser  beam  was  divided  by  a  Wollaston-prism  (PS)  into  two 
beams  that  splits  a  circular-polarized  beam  into  plane-polarized 
two  beams  of  equal  intensity  which  have  polarization  planes 
perpendicular  to  each  other.  Both  of  them  were  focused  by  lens 
4,  and  then  projected  by  transmitting  lenses  (lens  5,  6)  to  form 
the  probe  volume. 

Figure  1  (b)  shows  the  probe  volume  of  MALV.  The 
probe  volume  was  consisted  from  two  beam  waists  with  the 
beam  distance  S  of  405  pm.  Because  the  laser  diode  has  the 
beam  with  ellipse-like  cross-section,  both  of  the  two  beam 
waists  had  elliptical  cross  section  with  their  longer  axis  set 
perpendicular  to  the  line  connecting  them. 

Scattered  lights  were  detected  by  the  four-channel  Si- 
avalanche  photo  diode  (APD)  arrays  in  backward  mode  as 
shown  in  Fig.  2  (a).  The  optical  image  of  the  two  elliptic  - 
sectioned  beam  waists  were  projected  individually  onto  the  two 
APD  arrays  in  the  manner  as  illustrated  in  the  figure.  The  path 
of  the  tracer  particle  through  the  probe  volume  could  be 
determined  by  monitoring  the  channel  of  diode-array  covering 
each  beam  waist.  Once  the  location  of  the  panicle  in  the  probe 
volume  was  known,  the  flow  direction  could  be  evaluated  by 
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Fig.  3:  Synchronizing  system  to  blade  phase 


comparing  the  channel  number  of  the  two  APD  arrays  (Fig.  2 
(b)).  The  pitch  between  detectable  directions  was  a  function  of 
the  magnification.  The  arrangement  with  the  pitch  of  3  degrees 
was  adopted  in  the  present  study. 

Signal  Processing 

The  detected  signal  pulses  were  digitized  by  the  4- 
channel  amplifier  and  comparator  before  transferred  to  the 
memory  unit  in  personal  computer  through  a  high  speed 
memory  board. 

There  is  two  methods  to  acquire  particle  flight  time.  One 
is  the  so-called  time-of-flight  method  (TOF)  which  measures 
the  time  interval  between  passing  of  two  foci  directly,  and  the 
other  is  the  cross  correlation  method  which  takes  a  time 
correlation  between  signals  of  two  foci.  Since  the  number 
density  of  tracer  panicle  is  low  in  the  present  case,  the  TOF 
method  is  adopted  rather  than  the  cross  correlation  method 

SIGNAL  SYNCHRONIZATION 

In  order  to  capture  the  periodic  fluctuation  component 
induced  by  moving  blades,  ensemble  averaging  of  the  signals 
were  undertaken  in  synchronization  to  the  blade  angles,  see  Fig. 
7.  As  shown  in  the  timing  diagram.  Fig.  8,  the  scattered  light 
from  compressor  blades  was  taken  by  a  blade  detector  for 
staning  time  counter,  and  the  arrival  time  of  the  tracer  particle 
was  stored  together  with  the  velocity  signal.  The  counter  was 
reset  by  the  next  impeller  blade.  The  ensemble  averaging  of  the 
data  is  performed  for  a  fixed  blade  phase  angle,  with  each 
window  covering  one  fifth  of  the  blade  interval. 

The  periodically  fluctuating  flow  velocity  with 
magnitude  V  and  direction  a  may  be  decomposed  into  three 
components  as 


V  =  V  +  V  +  V' 

a=a+d  +  o' 


with  the  quantities  with  ~  denote  time-averaged  component,  and 
those  with  "  and  '  correspond  to  the  periodic  and  turbulent 
fluctuation  components,  respectively 
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Fig.  4:  Encoding  liming  diagram 


TEST  RIG 

Flow  System 

Figure  5  shows  the  flow  system.  The  compressor  inlet 
was  opened  to  the  air.  and  outlet  flow  was  exhausted  to  the 
atmosphere  through  the  pipe  with  a  control  valve.  A  140KW 
blower  supplied  air  into  a  turbine  on  the  same  axle  of  the 
compressor.  Figure  6  shows  the  test  centrifugal  compressor.  The 
impeller  had  14  blades  and  rotated  at  up  to  lOOOOrpm  in  the 
present  study.  The  diffuser  had  1 1  straight  vanes.  The  diffuser 
axial  passage  width  b  was  1 6mm,  and  all  measurements  were 
performed  on  the  middle  plane,  i.  e.  i/b  =  0.5,  with  z  being  the 
axial  location  from  the  shroud  wall.  The  diffuser  vanes  were 
fixed  on  the  shroud  side,  and  their  height  h  was  8mm.  The  other 
configuration  of  the  diffuser  is  summarized  in  Table  1. 

In  the  present  study,  the  measurements  were  performed  under 
the  conditions  presented  in  Table  2.  The  flow  coefficient  <J>  is 
defined  as 


•  -"L 

u. 


(2) 


with  being  the  bulk  mean  velocity  in  radial  direction  which 
is  calculated  from  the  measured  volume  flow  rate  Q  as 


U\  = 


Q 

In  /-,  b 


(3) 


and  t/j  denotes  the  tip  speed  of  the  impeller 

Icsi  Sgclifln 

The  details  of  the  test  section  is  shown  in  Fig.  6;  a  close- 
up  view  of  the  measuring  section  is  presented  in  Fig.  6(b).  The 
diffuser  shroud  wall  at  the  corresponding  location  was  replaced 
by  an  optical  flat  acrylic  window.  The  velocity  along  the  arcs 
with  constant  radius,  r  =  125,  130,  135  and  140mm,  are 
measured,  and  especially  at  four  measuring  points  PI,  P2,  P3 
and  P4,  which  are  aligned  to  the  centerline  of  the  diffuser 
channel,  the  periodic  velocity  motion  was  analyzed  in  detail. 


Fig.  6  (b):  Test  section 
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Table  1.  Ceometric  configuration  of  the  diffuser 


Parameter 

Dimension 

Inlet  radius  ( r) 

98  (mm| 

Outlet  radius  ( ro) 

180  |mm| 

Diameter  ratio  (r0l  rt ) 

1.84 

Axial  width  (b) 

16  |mm| 

Vane  height  (bib) 

0.5 

Vane  thickness 

2.5  |mm| 

Vane  length 

110|mm| 

Vane  number 

11 

Channel  divergence  angle 

33  Ideg.j 

Vane  setting  angle 

10  (deg] 

Table  2.  Experimental  conditions 


Parameter 

Condition  1 

Condition  2 

Number  of  revolution  |rpm] 

4500 

10000 

Rotor  tip  speed  U2  [m/s| 

46.2 

102.6 

Blade  motion  frequency  [Hz] 

1  lxlO3 

2.3x  103 

Blade  motion  period[ms] 

0.95 

0.43 

Flow  coefficient  0 

0.3 

0.3 

RESULTS  AND  DISCUSSION 

Tim?  Averaged  Flow  Field 

Figure  7  shows  the  vector  map  of  time  averaged  velocity 
field  (  V  ,  a  )  in  the  diffuser  channel  for  the  both  of  two 
conditions.  The  lengths  of  the  velocity  vectors  are  normalized  by 
the  rotor  tip  speed  U2 -  It  seems  that  the  mean  flow  direction  is 
almost  conform  to  diffuser  channel  centerline,  and  there  is  a 
similarity  between  the  two  flow  fields  (a)  and  (b). 

The  turbulence  intensity  (RMS  value  of  V  without 
phase-averaging)  and  fluctuation  in  the  velocity  vector  direction 
a  are  presented  at  the  four  measuring  positions  PI  to  P4  in  Fig. 
8.  The  RMS  of  the  turbulent  velocity  fluctuation  reaches  about 
20  percents  of  the  local  velocity  at  each  points  for  the  both 
conditions.  For  the  condition  1,  it  is  seen  that  the  RMS  value  is 
nearly  constant  throughout  the  channel,  while  turbulence  motion 
seems  to  increase  gradually  along  the  flow  direction  for  the 
condition  2 

Periodically  fluctuatinE 

Figure  9  presents  the  RMS  value  of  the  periodic 
fluctuation  in  velocity  vector  magnitude  and  its  direction.  The 
magnitude  of  the  fluctuation  is  of  one  order  smaller  as  compared 
with  the  turbulent  component.  For  the  condition  1,  both  the 
velocity  fluctuation  and  the  fluctuation  of  direction  decrease 
monotonously  in  downstream  direction.  On  the  other  hand,  it  is 
seen  that  the  RMS  of  velocity  for  the  condition  2  indicates  more 
complex  feature.  The  flow  direction  drops  rapidly  at  point  P4  for 
the  condition  2.  Taking  into  account  the  relatively  mild  variation 
of  the  turbulent  fluctuation  components  of  V  and  a,  it  is 
understood  that  the  organized  fluid  motion  caused  by  the  wake 
of  the  impeller  blade  is  diminished  more  rapidly  than  turbulent 
fluctuation. 


Fig.  7:  Mean  velocity  vectors 


The  temporal  variation  of  periodical  fluctuation  is 
presented  in  Fig.  10;  (a)  shows  the  flow  velocity  fluctuation  V 
and  (b)  shows  the  flow  direction  fluctuation  a  for  the  condition 
1  as  a  function  of  dimensionless  time  T  defined  as  T-tHb,  with 
tb:  being  the  period  of  the  blade  motion.  1  cycle  of  the  rotor 
blade  motion  is  equal  to  0.95ms.  It  is  clearly  seen  that  the  flow 
fluctuates  with  the  same  frequency  as  the  blade  cycle.  The  flow 
direction  fluctuation  has  particularly  large  correlation  to  the 
motion  of  rotor  blades,  with  the  maximum  direction  difference 
being  4  degrees  at  each  locations,  PI  to  P4 
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Fig.  9  (a):  RMS  of  velocity  fluctuation  V 


Fig.  9  (b):  RMS  of  flow  direction  fluctuation  a 


(a):  velocity  fluctuation  V  (b):  direction  fluctuation  a 
Fig.  10:  Flow-  fluctuation  (condition  I) 


(a):  velocity  fluctuation  V  (b):  direction  fluctuation  d 
Fig.  11:  Flow  fluctuation  (condition  2) 


where  dn>  is  the  instantaneous  value  of  a  at  a  time  instant  T. 
The  time-average  is  approximated  by  the  ensemble  average  of 
the  product  (X\  ctj  obtained  at  five  discrete  time  instants  as 


It  is  further  observed  that  the  velocity  and/or  direction 
fluctuation  at  four  locations  are  in  sequential  manner,  i.e.  the 
periodic  motion  is  transferred  to  downstream  with  a  constant 
velocity.  The  corresponding  figures  for  the  condition  2  are 
presented  in  Fig.  1 1.  In  this  case,  I  cycle  is  equal  to  0.43ms.  It  is 
seen  that  there  is  a  similar  tendency  as  has  been  observed  in  the 
condition  1  in  terms  of  the  clear  periodicity  and  shift  of  profiles 
in  the  sequential  manner. 

In  order  to  analyze  the  propagation  of  periodical 
fluctuation  more  quantitatively,  the  correlation  between 
fluctuation  at  different  points  are  evaluated.  The  correlation 
function  R(,  is  defined  as: 


„  d\(T)a2(T  +  r) 

‘ 


(4) 


<*\[T„)  a2(7’n  +  T)"—  X  [a\<Tn)B2(T„  +  t)].  (5) 
mn= 0 

where  m  is  the  number  of  time  intervals  within  1  cycle 
(m=  5).  By  applying  Eq.  (4)  to  the  quantities  at  different  time 
instants,  the  space-time  correlation  can  be  evaluated. 

In  order  to  examine  the  analogy  between  the  flow  fields 
for  two  different  conditions,  the  cross  correlation  of  the 
corresponding  quantities  are  calculated  for  the  same  spatial 
location  and  same  time  instant.  The  results  indicate  that  the 
average  of  cross  correlation  functions  at  r  =  0  was  0  76,  thus 
confirming  that  there  is  a  high  correlation  between  the  flow 
fields,  in  spite  of  the  large  difference  (2.2  times)  in  rotating 
frequency. 
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Fig.  12:  Space-time  correlations  Rcr  between 
point  Pi  and  other  point 


Fig.  13:  Space-time  correlations  Rc,  between 
next  measuring  point 

The  space-time  correlations  Rcr  between  measuring 
points  P1-P2,  P1-P3,  as  well  as  P1-P4  are  calculated  and 
presented  in  Fig.  12.  The  lines  connecting  the  plots  are  the 
sinusoidal  functions  obtained  by  least  square  fitting  on  the  basis 
of  the  fixed  time  period,  which  is  equal  to  the  interval  of  blade 
motion,  and  varying  amplitude  and  phase  difference.  It  is 
indicated  that  the  correlations  between  each  measuring  points 
are  equally  high,  implying  that  the  periodic  motion  persists 
throughout  the  measuring  location,  although  there  is  a  slight 
decrease  in  the  amplitude  of  Rc, . 

Figure  13  shows  the  space-time  correlation  function 
between  the  successive  two  measuring  points,  P1-P2,  P2-P3,  and 
P3-P4  for  each  conditions.  Because  the  spatial  intervals  between 
the  measuring  points  are  constant,  the  inspection  of  these 
correlations  make  it  possible  to  estimate  the  transfer  rate  of 
periodical  fluctuation  and  its  variation  in  the  streamwise 
direction.  As  seen  in  these  figures,  every  correlation  has  its  peak 
in  the  range  of  2.0  S  r  S  4.0,  and  dividing  the  distance  between 
the  measuring  points  by  the  time  interval,  the  propagating 
velocity  can  be  evaluated  to  be  approximately  1.0  -  1.9  times 
the  mean  flow  velocity  and  it  is  the  same  for  the  both  conditions. 


CONCLUDING  REMARKS 

The  application  of  the  multi-angle  laser-2-focus 
velocimeter  (MALV)  to  the  measurements  of  the  unsteady  flow 
in  a  diffuser  of  centrifugal  compressor  has  been  performed  by 
taking  into  account  the  periodic  flow  fluctuation  due  to  the  wake 
of  the  impeller  blades  Although  the  MALV  must  be  used  as  a 
conventional  L2F  velocimeter  under  a  few  operations  for  the 
measurements  due  to  strong  turbulence,  the  flows  with 
maximum  more  than  8  degrees  of  variation  in  velocity  vector 
direction  could  be  successfully  measured  by  MALV  with  only 
few  rotations  of  the  optical  probe  per  one  measuring  point 

It  is  confirmed  that  the  measured  flow  fluctuations  has 
appreciable  periodic  fluctuations;  its  magnitude  in  terms  of  the 
flow  direction  reaches  up  to  degrees  at  maximum  from  peak  to 
peak.  The  RMS  of  flow  direction  fluctuation  which  correlates 
between  the  blade  motion  and  the  flow  direction  decreases  with 
the  increasing  RMS  of  turbulent  fluctuation  in  downstream 
direction  for  the  higher  rotor  revolution.  The  fluctuation  is 
transferred  in  downstream  at  a  rate  which  is  of  same  order  as  the 
local  mean  velocity.  The  same  tendencies  have  been  observed 
for  different  impeller  rotation  speed  in  terms  of  the  phase  angle 
of  the  periodical  fluctuation  as  well  as  its  transmitting  rate. 
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NOMENCLATURE 

N :  Number  of  impeller  revolution 

r :  Radial  position 

T :  Dimensionless  time 

r :  Time 

lb :  Period  of  impeller  blade  motion 

U2-  Impeller  tip  speed 

V :  Flow  velocity 

a :  Flow  direction 

:  Flow  coefficient 

t  :  Dimensionless  time-lag 

Mean  component 
Periodical  fluctuation  component 
Turbulent  component’ 
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ABSTRACT 

A  laser  velocimeter  was  used  to  measure  the  secondary  flow 
field  in  the  mid  and  exit  planes  of  an  automotive  torque 
converter  pump.  Four  significantly  different  pump  and  turbine 
speed  operating  conditions  of  the  torque  converter  were  tested. 
Results  showed  counter-clockwise  circulating  secondary  flow  in 
the  pump  mid  plane  and  clockwise  circulating  secondary  flow  in 
the  exit  plane  for  all  torque  converter  operating  conditions. 
Typical  secondary  velocity  magnitudes  were  1.0  m/s,  while 
typical  through  flow  velocities  were  l.S  m/s.  From  the  measured 
velocities  the  average  flow  vorticity  was  calculated.  The 
magnitudes  of  the  dimensional  secondary  velocity  and  the 
average  flow  vorticity  were  seen  to  decrease  with  decreasing 
pump  speed  in  both  the  mid  and  exit  planes.  Also,  the  highest 
average  vorticity  and  secondary  flow  magnitudes  were  observed 
for  a  low  turbine/pump  speed  ratio. 


1.  INTRODUCTION 

The  standard  automotive  torque  converter  is  a  recirculating 
hydrodynamic,  mixed  flow  turbomachine  (containing  both  axial 
and  radial  flow)  with  three  independent  elements  that  govern  the 
internal  flow  field.  These  elements  are  the  pump,  which 
energizes  the  working  fluid  and  is  connected  to  the  automobile's 
engine,  the  turbine,  which  absorbs  the  fluid  energy  and  drives 
the  transmission  shaft,  and  the  stator,  which  redirects  the  fluid  to 
obtain  zero  flow  incidence  into  the  pump  at  a  specific  design 
speed  ratio  (for  the  remainder  of  this  manuscript  speed  ratio  is 
defined  as  the  turbine  rotational  speed  divided  by  the  pump 
angular  speed).  The  pump  and  the  turbine  are  rotating  at 
different  speeds,  while  the  stator  is  either  locked  or  allowed  to 
float  freely,  depending  on  the  particular  design  and  application. 

Due  to  the  significant  curvature  of  the  flow  path  (forcing 
the  fluid  to  complete  two  180  degree  turns  axially)  and  the 
different  angular  speeds  of  the  elements  the  flow  field  is  highly 
three  dimensional.  The  three  dimensional  flow  in  the  torque 
converter  can  be  divided  into  meridional  and  non-meridional 
(secondary)  velocity  components.  Secondary  flows  in  the  torque 
converter  pump  are  undesirable  since  they  cause  viscous  energy 
losses  and  do  not  contribute  to  the  pumping  process.  Thus,  to 
optimize  future  torque  converter  pump  designs  (and  minimize 
internal  flow  losses)  a  thorough  understanding  of  the  internal 


secondary  flow  field  is  necessary.  The  aim  of  this  research  is  to 
identify,  document,  and  analyze  secondary  flows  in  the  mixed 
flow  pump  for  several  different  operating  conditions  of  the 
torque  converter. 


1.1  Previous  Studies  of  Torque  Converter  Internal  Flows 

A  comprehensive  review  of  relevant  torque  converter 
literature  was  included  in  papers  by  Bahr  et  al.  [1991]  and 
Graver  et  al.  [1994],  For  the  sake  of  brevity  only  a  few 
significant  papers  are  reviewed  herein. 

The  average  velocity  flow  field  in  the  stator  of  an 
automotive  torque  converter  was  described  by  Bahr  et  al.  [1991  ]. 
For  their  research,  a  torque  converter  was  machined  entirely 
from  Plexiglas  and  a  one  directional  laser  velocimeter  was 
employed  to  measure  the  flow  field.  Detailed  velocity  profiles 
for  five  planes  in  the  stator  and  for  two  speed  ratios  were 
presented.  Separation  was  observed  in  the  stator  for  both  the 
0.065  and  0.8  speed  ratios 

Graver  et  al.  [1994]  and  Bran  et  al.  [1994]  used  the  same 
experimental  facility  to  determine  the  flow  field  in  the  pump  of 
an  automotive  torque  converter.  Velocity  vector  plots  for  the 
inlet,  mid-,  and  exit  planes  were  presented  for  the  0.065  and 
0.800  speed  ratios.  Separation  regions  were  observed  at  the 
core-suction  side  in  the  pump  mid-  and  exit  planes  for  the  0.065 
speed  ratio.  Circulatory  secondary  flow  was  observed  for  both 
speed  ratios  in  the  mid-  and  exit  planes. 

The  unsteady  torque  converter  turbine  inlet  flow  field  was 
measured  by  Bran  and  Flack  [  1993].  A  method  to  analyze  the 
unsteady  flow  field  in  any  rotating  turbomachine  element  was 
developed  and  applied  to  the  torque  converter.  Strong  influence 
of  the  pump  on  the  turbine  inlet  flow  field,  with  a  jet/wake 
region  migrating  through  the  turbine  inlet  at  the  blade  interaction 
frequency,  was  demonstrated. 

By  and  Lakshminarayana  [1991,1993]  measured  average 
static  pressures  on  the  blades  of  an  automotive  torque  converter 
stator  and  pump,  respectively.  Their  results  showed  that  the 
static  pressure  distribution  is  generally  poor  at  the  blade  core 
section  and  that  centrifugal  force  has  a  dominant  effect  on  the 
static  pressure  rise  in  the  pump.  Later,  By  et  al.  [1993] 
developed  a  three-dimensional  viscous  flow  code  to  predict  the 
flow  field  of  a  torque  converter  pump.  Results  showed  that  the 
pump  rotation  has  a  majoi  effect  on  the  secondary  flow  field 
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Browarzik  and  Grahl  [1992)  used  hex  film  anemometry  to 
examine  the  flow  field  at  the  inlet  and  outlet  of  the  pump  and 
turbine  of  the  torque  converter.  A  frequency  spectrum  showing 
the  relative  magnitudes  of  velocities  at  the  turbine  exit  is 
presented.  Further  research  was  recommended. 

1.2  Objectives 

For  this  research  the  same  experimental  facility  as  described 
by  Bahr  et  al.  (1991),  Gruver  at  al.  [1993],  and  Brun  et  al. 
[1993]  was  utilized  to  measure  the  secondary  flow  field  in  the 
pump  mid  and  exit  plane  (for  the  remainder  of  this  paper,  the 
secondary  flow  is  defined  as  the  velocity  components  normal  to 
the  through  flow  direction).  Four  significantly  different 
operating  conditions  were  tested.  Velocity  vector  plots  of  the 
secondary  flow  results  are  included  herein.  Based  on  the 
measured  velocities  the  average  flow  voracities  were  determined. 
This  paper  provides  the  most  complete  and  detailed  data  of  the 
secondary  flow  field  in  the  torque  converter  pump  published  to 
date.  Results  presented  offer  not  only  a  basic  understanding  of 
the  torque  convener  pump  flow  field,  but  also  serve  as  a 
benchmark  for  mixed  flow  turbomachinery  computational  flow 
codes. 


2.  EXPERIMENTAL  FACILITY  AND  DATA  ACQUISITION 

The  overall  schematic  of  the  experimental  test  rig  is  shown 
in  Figure  1.  The  torque  converter  test  fixture,  the  support 
system,  laser  velocimeter,  and  data  acquisition  system  will  be 
discussed  below. 

Pump 

Shaft 


Figure  1:  Overall  Schematic  of  Experimental  Test  Rig 


2.1  Torque  converter 

A  standard  automobile  torque  converter  geometry  was 
completely  machined  from  Plexiglas  and  installed  in  an  oil  filled 
Plexiglas  containment  box,  which  is  optically  accessible  from  all 
sides.  Figure  2  shows  a  cross-section  of  the  torque  convener 
geometry  used  for  this  research.  The  full  diameter  of  the  torque 
converter  is  230  mm.  Shellflex  212  oil  was  used  as  the  flow 
medium  within  the  convener  This  oil  has  an  index  of  refraction 


of  1.489  at  25°  C  and  1  480  at  50°  C.  The  specific  gravity  is  0.9 
at  16°C,  and  the  viscosity  varies  from  19  cSt  at  40°C  to  4  cSt 
at  100° C.  The  oil  was  seeded  with  metallic  coated  glass 
panicles  of  12  pm  diameter  The  oil  was  chosen  to  match  the 
index  of  refraction  of  the  Plexiglas  (1.490).  However,  perfectly 
matching  the  index  of  refraction  of  the  oil  and  the  Plexiglas  was 
impossible  because  of  thermal  transients  and  gradients  in  the  oil 
during  torque  converter  operation  and  because  of  birefringent 
properties  of  Plexiglas,  especially  after  machining  Since  all 
laser  beams  had  to  cross  through  five  or  more  Plexiglas -oil 
interfaces  at  sometimes  high  angles  of  incidence,  crossing  more 
than  two  beams  during  the  measurement  time  interval  at  one 
location  was  usually  impossible.  Hence,  multidirectional  laser 
velocimetry  was  unsuitable. 
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Figure  2:  Cross-Section  of  Torque  Converter 

2.2  Torque  converter  support  system 

The  torque  convener  pump  was  driven  by  a  18  kW  motor, 
with  the  turbine  output  power  absorbed  by  a  130  kW  capacity 
eddy  current  dynamometer.  A  hydraulic  system  cooled  and 
lubricated  the  driver,  absorber  and  test  fixture.  The  torque 
converter  pump  and  turbine  rotational  speed  were  monitored  and 
controlled  to  within  1  rpm.  Temperatures  and  pressures  in  the 
torque  converter,  containment  box,  and  hydraulic  system  as  well 
as  input  and  output  torques  were  also  monitored  and  recorded 

2.3  Laser  velocimeter  system 

The  one-directional  frequency  shifted,  back  scatter  laser 
velocimeter  system  used  for  this  research  is  shown  in  Figure  3 
A  2  Wan  Argon-ion  laser  was  operated  at  50  mW  and  at  a 
wavelength  of  514.5  nm.  Two  different  transmitting  lenses 
(focal  lengths  250.8  mm  or  350  mm)  and  a  mirror  were  used  to 
access  the  torque  converter  from  three  Cartesian  angles  to 
independently  obtain  the  three  dimensional  velocity  field.  The 
beam  separation  was  40  mm  and  the  frequency  shift  was  40 
MHz.  The  backscattered  light  was  collected  by  the  photo¬ 
multiplier  tube,  downshifted  to  2  MHz,  bandpass  filtered  to 
eliminate  the  pedestal  and  other  spurious  frequencies,  and  then 
transmitted  to  the  burst  counter  processor  To  measure  the  three 
different  velocity  components  realigning  the  optics  was 
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necessary.  The  transmitting  and  receiving  optics  were  mounted 
on  a  motor  driven  mill  table  such  that  the  probe  volume  could 
be  accurately  moved  in  all  three  orthogonal  directions.  The 
position  was  monitored  using  linear  encoders  and  a  digital 
readout  (accuracy  0.005  mm). 
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Figure  3:  Laser  Velocimeter  System 


2.4  Data  acquisition  system 

A  commercially  available  burst  counter  was  used  to  process 
velocity  signals.  The  bursts  were  validated  using  a  minimum 
threshold  setting  to  eliminate  low  amplitude  noise  and  using  a 
S/8  peak  counter-comparator  to  eliminate  multiple  particle 
signals.  Validated  signals  were  digitized  and  transmitted  to  a 
486  microcomputer,  where  a  high  speed  digital  I/O  card  was 
used  for  data  collection.  The  photomultiplier  tube  high  voltage 
setting  and  the  burst  processor  minimum  threshold  setting  were 
adjusted  to  achieve  a  high  data  rate  of  valid  signals.  A  10-bit 
digital  shaft  encoder  (1024  angular  sectors)  was  used  to  measure 
the  angular  position  of  the  torque  converter  pump  at  the  instant 
that  valid  velocity  signals  were  collected.  The  shaft  encoder 
angular  positions  were  also  read  into  the  computer  using  the 
digital  I/O  card. 

2.5  Data  acquisition 

The  torque  converter  pump  consisted  of  27  identical  blade 
passages  each  with  an  angular  resolution  of  37  sectors.  Each 
blade  passage  was  defined  by  a  pressure,  suction,  core  and  shell 
side  as  shown  in  Figure  4.  Velocities  were  measured  at  9  core 
to  shell  side  positions  in  the  pump  mid  and  exit  planes.  As  the 
pump  rotated  by  the  stationary  laser  velocimeter  37  blade-to- 
blade  positions  (for  27  blade  passages)  were  accessed  at  each 
measurement  location.  Thus,  a  37*9  measurement  grid  was 
obtained  for  each  blade  passage.  The  velocity  profiles  for  the  27 
blade  passages  were  shown  to  be  identical  within  their 
uncertainty  and,  hence,  could  be  superimposed  and  averaged 
For  90%  of  the  measurement  grid  positions  more  than  150  valid 
velocity  samples  were  collected,  sufficient  samples  for  a  high 


confidence  in  the  average  velocities  Table  1  shows  the  torque 
converter  operating  conditions  for  which  measurements  were 
taken.  All  rotational  speeds  are  given  in  revolutions  per  minute 
(rpm). 


Figure  4:  Schematic  of  Pump  Blade  Passage 


Table  1:  Test  Conditions 


Cond  #1 

Cond  #2 

Cond  #3 

Cond  #4 

Speed  Ratio: 

0800 

0.800 

0800 

0065 

Pump  Speed: 

1100 

550 

314 

800 

Turbine  Speed: 

880 

440 

251 

52 

The  entire 

experimental  facility 

and  data 

acquisition 

procedure  were  described  by  Bahr  et  al.  (1991),  Grover  et  al. 
[1993],  and  Brun  et  al.  [19931.  The  detailed  dimensions  of  the 
torque  converter  and  passage  geometries  were  given  by  By  and 
Lakshminarayana  (1993) .  Thus,  the  measurement  geometry  and 
test  conditions  can  be  reconstructed  from  the  above  references. 


3.  RESULTS  AND  DISCUSSION 

Secondary  velocities  are  presented  and  analyzed  for  the  four 
above  mentioned  torque  converter  operating  conditions.  Results 
are  given  for  both  the  mid  and  exit  planes  of  the  pump.  All 
velocities  are  shown  relative  to  the  rotating  frame  Also,  the 
average  vorticity  and  secondary  flow  magnitude  is  derived  from 
the  experimental  data  for  all  measurement  conditions. 


3.5.3. 


Speed  Ratio:0.800 
Pump  Speed:  1100  rpm 
Turbine  Speed:  880  rpm 
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Pressure 

Figure  5:  Secondary  Flow  Velocity  Vectors 
for  Operating  Condition  #1,  Pump  Mid  Plane 


Speed  Ratio:0.800 
Pump  Speed:  550  rpm 
Turbine  Speed:  440  rpm 


3.1  Secondary  flow  results  in  the  mid  plane 

Figures  5  through  8  show  velocity  vector  plots  for  the  pump 
mid  plane.  The  secondary  flow  for  the  operating  condition  #1 
(0.8  speed  ratio,  1 100  rpm  pump  speed)  is  presented  in  Figure 
5.  As  can  be  seen,  secondary  flows  in  the  mid  plane  have  a 
strong  counter-clockwise  rotational  circulation.  Peak  velocities 
of  1.9  m/s  are  observed  Dear  the  pressure  and  shell  sides,  while 
smallest  velocities  of  0.2  m/s  are  located  near  the  suction  side. 
Since  the  fluid  is  rotating  around  the  shaft  of  the  torque 
converter  and  is  also  being  turned  from  axial  to  radial  and  back 
to  axial  flow  (the  blade  passage  curvature),  a  combined  effect  of 
the  coriolis  and  centrifugal  forces  as  well  as  shear  forces  on  the 
fluid  are  postulated  to  be  responsible  for  this  circulation. 

Similar  secondary  flow  velocity  profiles  can  be  seen  in 
Figures  6  and  7  for  torque  converter  operating  conditions  #2  and 
#3,  respectively.  For  these  cases  the  speed  ratio  was  maintained 
at  0.8  but  the  pump  speed  was  reduced  to  SS0  rpm  and  314 
rpm,  respectively  Figures  6  and  7  show  that  the  general 
circulating  flow  field  trends  are  similar  to  the  previous  case,  but 
the  overall  velocity  magnitudes  are  lower.  Peak  secondary 
velocities  are  1.1  m/s  and  0.8  m/s  for  conditions  42  and  43, 
respectively.  A  direct  comparison  of  Figures  5,  6,  and  7  shows 
that  the  secondary  flow  magnitudes  decrease  with  pump 
rotational  speed,  but  the  center  of  circulation  remains  stationary 
over  the  range  of  pump  speeds. 


Speed  Ratio:0.800 
Pump  Speed:  314  rpm 
Turbine  Speed:  251  rpm 


Suction 


Pressure  Pressure 

Figure  6  Secondary  Flow  Velocity  Vectors  Figure  7:  Secondary  Flow  Velocity  Vectors 

for  Operating  Condition  42,  Pump  Mid  Plane  for  Operating  Condition  43,  Pump  Mid  Plane 
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Speed  Ratio:0.065 
Pump  Speed:  800  rpm 
Turbine  Speed:  52  rpm 
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Figure  8:  Secondary  Flow  Velocity  Vectors 
for  Operating  Condition  #4,  Pump  Mid  Plane 
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Pump  Speed:  1100  rpm 
Turbine  Speed:  880  rpm 


Suction 


Pressure 


Figure  9:  Secondary  Flow  Velocity  Vectors 
for  Operating  Condition  #1,  Pump  Exit  Plane 


The  flow  field  for  operating  condition  #4  is  shown  in  Figure 
8.  For  this  case  the  speed  ratio  was  lowered  to  0.06S  and  the 
pump  speed  was  800  rpm.  As  a  consequence,  the  torque 
converter  operation  is  significantly  different  from  the  previous 
cases.  The  secondary  flow  is  still  circulating  counter-clockwise, 
but  the  general  flow  trends  are  dissimilar  from  conditions  #1,  #2, 
and  *3.  The  center  of  circulation  is  shifted  toward  the  middle 
of  the  blade  passage  and  peak  secondary  velocities  of  1.7  m/s 
are  now  located  near  the  pressure  and  core  comer. 

3.2  Secondary  flow  results  in  the  exit  plane 

Vector  plots  of  the  secondary  flow  field  in  the  pump  exit 
planes  are  presented  in  Figures  9  through  12.  Again,  all  4 
operating  conditions  are  analyzed  Figure  9  shows  the  secondary 
flow  for  condition  #1  A  strong  circulatory  flow  pattern  in  the 
clockwise  direction  is  observed.  One  should  note  that  the 
counter-clockwise  circulating  flow  from  the  mid  plane  has 
reversed  rotational  directions  between  mid  and  exit  plane  and  is 
circulating  clockwise  in  the  exit  plane.  This  trend  is  consistent 
for  all  4  operating  conditions.  The  center  of  circulation  for  this 
case  is  located  near  the  suction  side.  Maximum  and  minimum 
secondary  flow  velocities  for  condition  #1  are  1.4  m/s  and  0.1 
m/s,  respectively. 

Figures  10  and  II  show  the  pump  exit  flow  field  for 
operating  condition  #2  and  #3,  respectively.  For  both  cases  the 
center  of  circulation  is  located  close  to  the  shell  side  and  highest 
velocities  are  seen  at  the  pressure  and  suction  sides  Peak 
secondary  velocities  are  0  8  m/s  and  0.4  m/s  for  condition  #2 


Speed  Ratio:0.800 
Pump  Speed:  550  rpm 
Turbine  Speed:  440  rpm 

Suction 


Figure  10:  Secondary  Flow  Velocity  Vectors 
for  Operating  Condition  #2,  Pump  Exit  Plane 
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and  #3,  respectively.  By  comparing  Figures  9,  10,  and  11  one 
can  observe  that  lowering  the  pump  rotational  speed  significantly 
affects  the  secondary  flow  field  in  the  pump  exit.  As  the  pump 
speed  is  lowered  the  center  of  circulation  shifts  from  the  passage 
center  to  the  shell  side.  Also,  similarly  to  observations  in  the 
mid  plane,  the  overall  secondary  flow  velocity  magnitudes  in  the 
exit  plane  decrease  with  pump  rotational  speed. 

Finally,  Figure  12  shows  the  pump  exit  secondary  flow  for 
operating  conditions  #4.  The  overall  flow  characteristics  are 
significantly  different  from  the  previous  exit  plane  cases 
Highest  secondary  velocities  (1.7  m/s)  are  observed  at  the 
pressure-core  corner,  while  lowest  velocities  (0.0  m/s)  are  near 
the  suction  side.  As  previously  noted,  altering  the  speed  ratio 
significantly  affects  the  secondary  flow  field  characteristics. 

3.3  Average  secondary  and  through  flow  velocity  magnitudes 

The  average  through  flow  velocity  magnitude  was  measured 
by  Ainley  (1994]  and  is  included  here  as  a  comparison  for 
general  flow  trends.  Table  2  shows  through  flow  results  for  the 
mid  and  exit  planes. 


Table  2:  Average  Through  Flow  Velocity  (m/s) 


(Turbine  rpmWfPump  rpm) _ Mid  Plane _ Exit  Plane 

880/1 100  (Condition  #1)  1.6  1.7 

440/550  (Condition  #2)  0.6  0.7 

251/314  (Condition  #3)  0.3  0.3 

52/800  (Condition  #4)  2.2  2.5 


The  average  secondary  flow  velocities  were  calculated  by 
integrating  the  magnitudes  of  the  measured  secondary  velocities 
(in  the  rotating  frame)  across  an  entire  plane  and  dividing  it  by 
the  number  of  measurement  locations.  Average  secondary  flow 
velocities  were  then  normalized  by  the  through  flow  velocities 
from  Table  2.  Both  dimensional  and  non-dimensional  average 
secondary  flows  are  presented  in  Table  3  (non-dimensional 
values  are  in  brackets). 


Table  3:  Average  Secondary  Velocity  (m/s), 
[Normalized  Average  Secondary  Velocity] 


880/1100  (Condition  #1)  1.0(0.65]  0  5(0.27] 

440/550  (Condition  #2)  0.7(106]  0.4(0.60] 

251/314  (Condition  #3)  0  4(1.10]  0.2(0.72] 

52/800  (Condition  #4)  1.2(0.55]  0.8(0.30) 


Results  from  Table  3  show  that  for  the  0.8  speed  ratio  the 
average  secondary  velocities  decrease  with  decreasing  pump 
speed.  This  would  be  expected  because  the  through  flow  also 
decreases  with  decreasing  pump  speed  Generally,  the  secondary 
flow  magnitude  is  observed  to  be  smaller  in  the  exit  plane  than 
the  mid  plane.  Normalized  velocities  for  the  0.8  speed  ratio 
increase  from  0.65  to  1.10  in  the  mid  plane  and  from  0.27  to 
0.72  in  the  exit  plane  as  the  pump  speed  decreases  Thus,  the 
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Figure  11:  Secondary  Flow  Velocity  Vectors 
for  Operating  Condition  #3,  Pump  Exit  Plane 

Speed  Ratio:0.065 
Pump  Speed:  800  rpm 
Turbine  Speed:  52  rpm 
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Figure  12:  Secondary  Flow  Velocity  Vectors 
for  Operating  Condition  #4,  Pump  Mid  Plane 
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through  flow  and  secondary  flow  components  are  of  similar 
magnitude  in  the  mid  plane,  while  in  the  exit  plane  the  through 
flow  velocity  dominates. 

In  both  mid  and  exit  planes  the  dimensional  average 
secondary  velocities  are  highest  for  the  0.065  speed  ratio,  while 
the  normalized  average  secondary  velocity  is  lowest  for  this 
case.  Similarly  to  the  0.8  speed  ratio,  the  normalized  average 
secondary  velocity  is  seen  to  decrease  between  mid  and  exit 
planes,  but,  unlike  the  0.8  speed  ratio  case,  for  the  0.065  speed 
ratio  the  through  flow  velocity  is  dominant  in  both  planes. 


with  increasing  pump  speed,  while  in  the  exit  plane  the 
normalized  voracity  decreases  with  increasing  pump  speed. 

The  strongest  dimensional  counter -clockwise  circulating 
flow  in  the  mid  plane  is  at  the  0.8  speed  ratio  (Condition  #1), 
while  in  the  exit  plane  the  strongest  clockwise  circulating  flow 
is  at  the  0.065  speed  ratio  (Condition  #4)  The  lowest  magnitude 
of  the  normalized  vorticity  is  observed  in  both  planes  for  the 
0.065  speed  ratio. 

4  SUMMARY  AND  CONCLUSIONS 


3.4  Secondary  flow  vorticity 

Since  rotating  circulatory  flow  patterns  were  observed  in  the 
mid  and  exit  planes  for  all  4  measurement  conditions,  a  logical 
choice  to  quantify  the  secondary  flow  field  is  the  vorticity.  The 
average  vorticity,  £,  of  a  plane  is  calculated  from  the  following 
equation. 


V)-  dA=-  —  f  ft—- du 


dx  dy 


)dA 


where  V  is  the  total  local  velocity  vector,  u  is  the  core  to  shell 
velocity,  v  is  the  pressure  to  suction  velocity,  and  A  is  the  area 
of  the  plane.  Both  u  and  v  are  in  the  local  rotating  frame.  The 
local  coordinates  x  and  y  are  defined  as  the  core  to  shell  and 
pressure  to  suction  directions,  respectively.  One  should  note  that 
the  average  vorticity  also  equals  the  negative  flow  circulation, 
-T,  divided  by  A.  The  average  vorticity  equation  can  be 
discretized  as  follows: 


xM~*i  yyi-fj 


This  expression  is  evaluated  by  integrating  the  measured 
secondary  flows  across  an  entire  plane  To  non-dimensional  ize 
the  vorticity  it  was  divided  by  the  average  through  flow  (Table 
2)  and  multiplied  by  the  core-shell  blade  length.  Average 
voracities  are  presented  in  Table  4. 


Table  4:  Average  Vorticity  (1/s), 
[Normalized  Average  Vorticity] 


(Turbine  roml/fPump  rum)  Mid  Plane 

880/1 100  (Condition  #1)  1 17.6  (1  49] 

440/550  (Condition  #2)  83  1  (2  42] 

251/314  (Condition  #3)  21.5  [4.12] 

52/800  (Condition  #4)  150. 1  ( 1 .33] 


Exit  Plane 
-144.5  [-1.45] 
-40  9  1-1.04] 
-20.6  [-1.06] 
-71.2  [-0.49] 


The  secondary  flow  field  in  the  mid  and  exit  plane  of  an 
automotive  torque  converter  pump  was  analyzed  for  four 
significantly  different  torque  convener  operating  conditions 
Velocities  were  measured  in  the  stationary  frame  using  a  laser 
velocimeter  and  then  translated  into  the  relative  rotating  frame 
using  digital  pump  shaft  encoder  information.  From  the 
measured  velocities  2-D  vector  plots  were  generated  and  average 
voracities  were  calculated.  Important  conclusions  drawn  from 
this  research  are: 

-  Significant  secondary  flows  were  observed  in  the  torque 

converter  pump  mid  and  exit  plane  at  all  operating 
conditions. 

-  in  the  pump  mid  plane  the  secondary  flow  field  circulated 

counter-clockwise  for  all  measurement  conditions,  while  the 
pump  exit  secondary  flow  field  circulated  clockwise  for  all 
measurement  conditions. 

•  In  the  mid  plane  the  secondary  and  through  flow  velocities 
have  similar  magnitudes,  while  in  the  exit  plane  the  through 
flow  velocities  dominate. 

-  The  dimensional  average  secondary  flow  velocities  and  flow 

vorticity  decrease  with  decreasing  pump  speed  for  a 
constant  speed  ratio  of  0.8. 

-  Normalized  average  secondary  velocities  were  seen  to  increase 

with  decreasing  pump  speed  for  the  constant  0.8  speed  ratio 
for  both  planes.  Also,  the  normalized  vorticity  increased 
with  increasing  pump  speed  in  the  mid  plane,  while  it 
decreased  with  increasing  pump  speed  in  the  exit  plane  for 
this  case. 

-  For  die  0.8  speed  ratio  the  center  of  circulation  location  in 

the  midplane  was  not  affected  by  the  pump  speed,  while  in 
the  exit  plane  the  center  of  circulation  was  seen  to  shift 
frot.i  the  passage  center  to  the  shell  side  as  the  pump  speed 
was  decreased. 

-  Lowering  the  speed  ratio  significantly  affected  the  overall 

velocity  trends  of  the  secondary  flow  field  and  the  location 
of  the  center  of  circulation  in  both  the  mid  and  exit  planes. 
In  both  planes  the  highest  dimensional  average  secondary 
velocity  was  observed  for  the  0.065  speed  ratio  case 


Tbe  results  in  Table  4  are  consistent  with  observations  of 
the  secondary  flow  plots  in  Figures  5  through  12;  in  the  mid 
plane  die  flow  is  counter-clockwise  (positive  vorticity,  negative 
circulation)  and  in  the  exit  plane  the  flow  is  clockwise  (negative 
vorticity,  positive  circulation).  For  the  0.8  speed  ratio  (Condi¬ 
tions  #1, 42,  and  #3)  the  magnitude  of  the  dimensional  vorticity 
in  both  planes  is  seen  to  decrease  with  the  pump  rotational 
speed.  Also,  in  the  mid  plane  the  normalized  vorticity  increases 
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INTRODUCTION 

Blade-to-blade  velocity  distributions  based  on  laser 
velocimeter  data  acquired  in  compressor  or  fan  rotors  are 
increasingly  used  as  benchmark  data  for  the  verification 
and  calibration  of  turbomachinery  computational  fluid 
dynamics  (CFD)  codes.  Using  laser  Doppler  velocimeter 
(LDV)  data  for  this  purpose,  however,  must  be  done 
cautiously.  Aside  from  the  still  not  fully  resolved  issue 
of  the  seed  particle  response  in  complex  flowfields,  there 
is  an  important  inherent  difference  between  CFD 
predictions  and  LDV  blade-to-hlade  velocity  distributions. 
CFD  codes  calculate  velocity  fields  for  an  idealized  rotor 
passage.  LDV  data,  on  the  other  hand,  stem  from  the 
actual  geometry  of  all  blade  channels  in  a  rotor.  The 
geometry  often  varies  from  channel  to  channel  as  a  result 
of  manufacturing  tolerances,  assembly  tolerances,  and 
incurred  operational  damage  or  changes  in  the  rotor 
individual  blades. 

In  high  speed  fans  at  certain  operating  conditions, 
the  rotors  exhibit  noticeable  differences  among  the 
velocity  fields  of  individual  rotor  blade  channels. 


Figure  1  serves  as  an  example.  The  figure,  which 
presents  an  extreme  case  of  a  high  speed  fan  rotor 
operating  at  off-design  conditions,  shows  axial  velocity 
distributions  in  each  of  the  44  rotor  blade  channels 
(notice  that  the  velocity  was  measured  in  43  out  of  44 
channels).  The  differences  in  axial  velocity  profiles 
among  individual  blade  channels  are  striking. 

Understandably,  in  a  situation  like  that  in  Figure  I. 
the  question  which  immediately  arises  is  which  blade 
channel  is  the  ’right"  one  to  use  for  CFD  code 
verification;  or  alternately,  should  the  channel  velocity 
profiles  instead  be  first  averaged  over  the  rotor  and  then 
the  resulting  average  channel  distribution  used.  A 
follow-up  question  is  how  faithfully  the  resulting  average 
velocity  profile  represents  the  "correct"  velocity 
distribution  for  the  given  operating  conditions.  In 
essence,  the  question  is  how  much  "agreement"  or 
"disagreement"  is  required  or  should  be  tolerated  in 
comparison  with  the  CFD  predictions  to  approve  a 
particular  CFD  code  as  a  reliable  tool  for  a  given  task. 

To  responsibly  approach  the  questions  raised  above, 
it  must  be  understood  how  the  laser  velocimeter  (LV) 
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Figure  I.  Axial  velocity  distribution  for  off-design  operation  in  a  high  speed  fan  rotor. 
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results  were  generated.  A  common  approach  to  acquiring 
periodic  data  is  to  employ  conditional  sampling  and 
ensemble  averaging  procedures.  Ensemble  averaging  of 
LV  data  acquired  in  a  spinning  rotor  can  be  done  in 
several  ways.  In  the  early  days  the  LV  system  was 
“turned  on"  only  for  a  selected  angular  position  of  a  rotor 
to  record  velocity  values  at  that  particular  location  in  the 
rotor.  With  the  advent  of  accurate  rotary  encoders,  much 
more  efficient  data  acquisition  was  possible.  An  LV 
system  "works  continuously",  and  a  recorded  and 
validated  LV  velocity  sample  is  immediately  tagged  with 
a  particular  angular  position  generated  by  the  rotary 
encoder.  Currently,  the  two  basic  approaches  are  either 
blade-channel  conditional  sampling  or  rotor  conditional 
sampling.  In  the  blade-channel  sampling  procedure,  the 
rotary  encoder  is  restarted  at  the  beginning  of  every  blade 
passage.  Consequently,  each  LV  data  sample  has  the 
same  "weight"  in  the  procedure  that  generates  the 
resulting  blade-channel  velocity  profile.  In  the  rotor 
sampling  approach,  the  rotary  encoder  is  restarted  by 
each  rotor  revolution.  In  this  approach  each  blade 
channel  velocity  distribution  “weighs"  equally  during  the 
averaging  over  the  entire  rotor  when  the  resulting  blade- 
channel  velocity  profile  is  generated.  It  is  the  goal  of 
this  paper  to  describe  and  discuss  the  data  reduction 
procedure  used  by  the  author  for  LV  data  acquired 
recently  in  the  rotor  of  a  high  speed  fan. 


THE  NATURE  OF  LV  MEASUREMENTS  IN 
SPINNING  ROTORS 

A  specific  feature  of  laser  velocimeter 
measurements  made  in  spinning  rotors  is  that  the  "probe 
traversing"  in  the  circumferential  direction  is  provided  by 
the  rotation  of  the  rotor.  As  depicted  in  Figure  2,  in  the 
relative  frame  of  a  spinning  rotor,  the  LV  probe  first 
moves  from  the  center  of  the  first  blade  (point  C|)  to 
cross  the  first  blade  suction  surface  (point  S(),  then 
passes  by  the  blade  channel  centerline  (point  Q,)  to  cross 
the  pressure  surface  of  the  second  blade  (point  P2),  and 
finally  moves  by  the  center  of  the  second  blade  (point  Cj) 
to  repeat  the  same  sequence  for  the  following  blade 
channel.  The  circumferential  traversing  of  the  LV  probe 
is  therefore  determined  by  the  rotor  rotation;  as  a  result, 
the  instantaneous  pitchwise  position  of  the  LV  probe  can 
he  predicted.  On  the  other  hand,  an  LV  velocity  data 
sample  is  acquired  only  when  a  seed  particle  crosses  the 
LV  probe  and  its  signal  is  validated  by  the  LV  circuitry, 
which  unfortunately,  cannot  be  predicted.  As  a 
consequence,  LV  velocity  data  are  acquired  randomly. 
Care  must  be  exercised  to  correctly  locate  the  randomly 
measured  flow  velocity  samples  with  respect  to  a  moving 
blade  channel. 

A  typical  LV  data  set  contains  a  very  large  number 
of  velocity  samples  (80  000  to  100  000  for  the  case  of  the 
presented  data).  The  flow  velocity  samples,  acquired  in 
a  random  sequence  during  a  time  interval  of  several 


thousands  of  rotor  revolutions,  were  rearranged  by  the 
post-processing  procedure  based  on  one  of  the  ensemble 
averaging  methods  and  are  presented  as  a  velocity 
distribution  along  the  blade-channel  pitch.  Figure  3  is  an 
example  of  such  a  velocity  distribution.  The  distribution 
follows  the  time  sequence  along  the  LV  probe  trace  line 
indicated  in  Figure  2.  The  depicted  velocity  profile  is 
not  a  result  of  only  one  blade-channel  crossing.  The 
profile  shown  here  as  a  continuous  curve  actually  consists 
of  discrete  LV  velocity  samples  acquired  randomly  along 
the  rotor  circumference.  To  generate  the  resulting 
velocity  profile,  the  radial,  axial,  and  instantaneous 
circumferential  LV  probe  positions  must  be  known  with 
sufficient  accuracy  [Lepicovsky  (1993)]. 

Many  equally  important  conditions  must  be  met  to 
successfully  conduct  LV  measurements  in  a  fan  or  a 
compressor  stage.  Two  of  these  conditions  are  the 
existence  of  the  LV  probe  (measurement  volume)  and  its 
visibility.  Both  the  existence  of  the  LV  probe  and  its 
visibility  are  affected  by  obstacles  in  the  optical  path 
(e.g.,  rotor  blades).  The  obstacles  for  the  transmitting 
optics  determine  the  probe’s  existence;  the  obstacles  in 
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Figure  2.  LV  probe  trace  line. 
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Figure  3.  Blade-to-hlade  axial  velocity  distribution. 
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the  path  of  the  receiving  optics  determine  the  probe 
visibility  [Lepicovsky  (1993)).  Full  probe  visibility 
implies  that  there  is  no  interference  between  the  light¬ 
collecting  cone  of  the  receiving  optics  and  either  the  fan 
casing  or  the  rotor-blade  geometry.  In  a  blade  tip  region, 
these  two  conditions  are  satisfied  provided  there  is  a 
suitable  access  window  in  the  fan  casing.  Deeper  in  the 
blade  channel,  however,  the  blade  geometry  may 
significantly  restrict  the  region  where  the  LV  probe  exists 
or  is  visible  (optical  shading). 

The  ranges  of  visibility  and  existence  for  the  LV 
probe  must  be  determined  to  distinguish  between  regions 
where  the  LV  signal  could  originate  only  from  the  seed 
particles  and  those  regions  where  the  LV  signal  could 
also  be  generated  from  the  LV  probe  interference  with 
blade  surfaces  (Lepicovsky  (1993)).  Occasionally,  such 
signals  may  satisfy  the  validation  criteria  of  an  LV 
processor  and  they  can  be  accepted  as  valid  velocity  data. 
Of  course,  if  an  LV  processor  validates  any  signal  which 
did  not  originate  from  the  visibility  region,  that  signal 
must  be  rejected  from  the  procedure  that  generates  flow 
velocity  profiles. 


THE  RANDOMNESS  OF  THE  LV  DATA 

To  illustrate  the  random  nature  of  LDV  signals. 
Figure  4  depicts  a  time  interval  of  one  revolution  of  a 
high  speed  fan  rotor.  A  time  scale  at  the  bottom  of  the 
figure  indicates  the  time  elapsed  from  the  beginning  of 
the  particular  revolution.  Utilizing  the  same  data  set 
already  shown  in  Figure  1,  the  figure  shows  a  time 
sequence  of  recorded  LV  data  samples  taken  during  the 
61st  revolution  of  the  fan  rotor  after  the  onset  of  the  LV 
data  acquisition  process.  To  record  a  sufficient  number 
of  LV  velocity  samples  for  the  entire  data  set,  the  LV 


data  were  recorded  over  an  interval  of  48.4  s,  which  was 
equal  to  10  414  rotor  revolutions.  The  total  number  of 
recorded  LV  samples  was  94  164,  thus  giving  an  average 
LV  data  rate  of  1.95  kHz.  As  seen  in  Figure  4, 
however,  there  were  30  LV  data  samples  recorded  during 
this  particular  revolution,  which  translates  to  a 
momentary  LV  data  rate  of  6.5  kHz •  Even  though  the 
LV  data  rate  during  the  61st  revolution  was  more  than 
three  times  higher  than  the  average  data  rate,  it  was  not 
high  enough  for  us  to  be  able  to  record  at  least  one 
velocity  sample  in  each  blade  channel  of  the  fan  rotor  (44 
blades).  Consequently,  a  data  reduction  procedure  must 
properly  reconstruct  the  blade-to-blade  velocity 
distributions  from  a  very  sparsely  populated  data 
sequence.  In  order  to  place  the  random  LV  samples  at 
correct  pitch  positions  in  a  particular  rotor  blade  channel, 
the  LV  signal  is  tagged  with  the  instantaneous  angular 
position  of  the  rotor.  For  the  case  under  discussion,  the 
angular  resolution  of  the  tagging  electronics  was  0. 1  dg, 
thus  giving  82  positions  per  one  rotor  blade  channel 
pilch.  The  LV  data  recorded  for  rotor  blade  channels  6 
through  II  during  the  61st  revolution  are  shown  in 
Figure  5  (circular  markers)  together  with  the  velocity 
distributions  generated  later  from  all  the  LV  data 
acquired  for  the  given  fan  operating  conditions  (as 
already  shown  in  Figure  1).  Again,  the  time  scale  in  this 
figure  shows  the  time  elapsed  from  the  beginning  of  this 
particular  revolution  of  the  fan  rotor. 

CONDITIONAL  SAMPLING 

In  order  to  construct  the  velocity  distribution  in  a 
spinning  rotor,  the  LV  data  must  be  acquired  using  a 
conditional  sampling  technique.  Conditional  sampling  of 
LV  data,  described  in  detail  by  Strazisar  &  Powell  (1981) 
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Figure  4.  Sequence  of  LV  samples  recorded  for  one  revolution  of  the  fan  rotor. 
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Figure  5.  Sequence  of  LV  samples  recorded  during  one  passage  of  six  roror  blade  channels. 


and  Lepicovsky  &  Bell  (1984),  can  be  triggered  either  by 
a  blade  passage  (channel  sampling)  or  by  a  rotor 
revolution  (rotor  sampling).  Using  true  blade-channel 
sampling,  each  blade  when  passing  by  the  LV  probe 
repeatedly  initiates  a  time  sequence  of  the  LV  data 
acquisition.  In  this  way,  all  LV  data  recorded  in 
different  blade  channels  are  ’piled  up’  into  a  single  file 
representing  an  average  blade  channel  width. 
Consequently,  blade-channel  sampling  results  in  a  blade- 
to-blade  averaged  velocity  distribution  over  an  average 
single  blade  channel  (Figure  3).  In  contrast,  for  rotor 
sampling,  the  sequence  of  recorded  LV  data  is  repeatedly 
initiated  by  each  rotor  revolution  and  the  LV  data  are 
’piled  up’  into  a  single  file  representing  the  entire 
circumference  of  the  rotor  (Figure  1).  Thus,  rotor 
sampling  results  in  an  averaged  velocity  distribution  over 
the  entire  circumference  of  the  rotor.  A  pseudo  blade- 
channel  sampling  method  utilizes  LV  data  acquired  in  the 
rotor  sampling  mode;  however,  the  sequence  of  recorded 
LV  data  is  divided  into  segments  equal  to  one  blade- 
channel  pitch  flyby  interval  and  then  the  LV  data  are 
’piled  up*  into  a  single  file  equal  to  the  width  of  a  rotor 
blade  channel. 

Each  of  the  sampling  methods  has  its  advantages 
and  problems.  For  example,  to  construct  a  blade-to-blade 
velocity  distribution  using  the  blade-channel  sampling; 
only  a  moderate  number  of  LV  samples  needs  to  be 
acquired.  Therefore,  this  approach  can  be  used  to 
advantage  for  the  cases  of  limited  memory  capacity  of  the 
data  acquisition  electronics,  cases  of  low  LV  data  rates, 
or  cases  when  the  total  time  of  data  acquisition  is 
restricted  by  the  operating  conditions  of  a  tested 
hardware.  However,  the  need  to  repeatedly  initiate  the 
data  acquisition  sequence  by  each  blade  passage  restricts 
this  method  to  cases  with  a  low  blade  passing  frequency 
e.g.,  Lepicovsky  &  Bell  (1984).  The  rotor  sampling 
approach,  on  the  other  hand,  requires  large  memory 


capacity  for  the  data  collection  device  and  a  high  LV  data 
rate.  The  major  advantage  of  this  approach  is  that  the 
data  allow  inspection  of  changes  of  the  velocity  patterns 
from  channel  to  channel.  This  approach,  however, 
requires  a  large  number  of  LV  samples  to  he  collected, 
which  means  longer  data  acquisition  times  and  a  large 
memory  capacity.  The  pseudo  blade-channel  sampling 
approach  tries  to  utilize  advantages  of  both  previously 
discussed  methods.  The  drawback  of  this  method  is  the 
decreasing  accuracy  of  LV  data  placement  at  correct 
pitch  positions  with  an  increasing  time  interval  from  the 
instant  of  the  once-per-revolution  (OPR)  triggering  signal 
which  repeatedly  restarts  the  rotary  encoder.  The  OPR 
signal  also  controls  encoder's  "speed".  Consequently, 
the  encoder  is  locked  to  the  previous  revolution  time  and 
"does  not  know"  the  immediate  rotor  speed,  which  may 
slightly  vary.  Larger  velocity  variations  are  flagged  by 
the  end-of-revolution  encoder  count,  and  the  LV  data  for 
such  revolution  will  be  discarded.  However,  for  velocity 
variations  within  the  encoder  limits  even  small  deviations 
from  the  correct  pitch  positions  may  strongly  affect  the 
velocity  and  velocity  unsteadiness  values,  especially  in 
regions  of  high  velocity  gradients  in  the  vicinity  of  blade 
surfaces.  The  data  discussed  in  this  paper  were  acquired 
using  the  rotor  sampling  mode.  The  results,  shown  here, 
were  generated  using  either  the  rotor  sampling  or  pseudo 
blade-channel  sampling  approaches.  The  term  blade- 
channel  sampling  in  the  following  sections  actually  refers 
to  the  pseudo  blade-channel  sampling  method. 

CLEANING  PROCEDURES  FOR  LV 
TURBOMACHINERY  DATA 

Spurious  and  statistically  insignificant  data  entries 
should  be  removed  from  an  LV  data  set  at  the  onset  of 
the  data  reduction  procedure.  Three  data  ’cleaning’ 
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schemas  were  employed  in  our  approach:  (1)  histogram 
clipping,  (2)  ensemble  clipping,  and  (3)  visibility 
clipping. 

Histogram  Clipping 

The  first  cleaning  procedure,  called  histogram 
clipping,  is  based  on  a  population  cut-off  limit  of  a 
velocity  histogram  generated  from  all  acquired  LV 
samples  disregarding  the  time  sequence  (instantaneous 
angular  position)  of  their  acquisition.  It  is  a  common 
approach  in  non-periodic  flows  outside  turbomachinery 
measurements  to  use  velocity  histograms  for  judging  the 
quality  of  the  collected  LV  data  [Petrie  et  al  (1988)]. 
For  turbomachinery  data,  such  an  approach  is  usually  not 
adopted  [Strazisar  et  al  (1989)]  because  the  value  of  the 
overall  data  velocity  histograms  for  interpreting  rotor  or 
blade  velocity  distributions  is  questionable.  In  non¬ 
periodic  flows  with  constant  mean  velocity,  the  velocity 
histograms  are  used  to  estimate  the  mean  velocity  value 
and  the  root-mean-square  (RMS)  value  of  velocity 
deviations  from  the  mean  (0)  of  the  flow  in  question. 
After  that,  all  velocity  samples  which  deviate  more  than 
±30  from  the  mean  are  discarded  for  their  statistical 
insignificance.  In  turbomachinery  rotor  flows,  however, 
the  value  of  local  mean  velocity  is  not  constant  but 
depends  on  the  particular  pitch  position  inside  the  blade 
channel.  For  the  rotor  flows  measured  in  the  non¬ 
rotating  frame,  the  local  mean  velocity  is  a  strong 
function  of  time;  it  is  periodic  with  the  blade  passing 
frequency.  The  variability  of  the  mean  velocity  of  rotor 
flows  is  the  reason  why  the  overall  velocity  histograms 
cannot  be  used  in  the  same  manner  as  is  common  in  non¬ 
periodic  flows.  Still,  the  velocity  histogram  plays  an 
important  role  in  the  procedure  for  cleaning  LV  data 
from  rotor  flows.  The  overall  data  histogram  can  be 
used  to  eliminate  LV  data  with  low  statistical  significance 
based  on  the  velocity  bin  population  value  rather  than  on 
the  deviation  from  the  mean. 

The  overall  data  velocity  histogram,  generated  for 
a  velocity  resolution  of  /  m.s  ,  is  shown  in  Figure  6. 
To  enhance  the  visibility  of  the  sparsely  populated 
velocity  bins,  the  histogram  is  replotted  in  Figure  7 
utilizing  a  logarithmic  scale  on  the  ordinate.  The 
population  cut-off  limit  for  data  cleaning  was  selected  to 
be  1  %  of  the  population  of  the  most  populated  velocity 
bin.  The  limit  was  21  in  this  particular  case.  The  cut¬ 
off  limit  can  be  set  independently  or  it  can  be  related  to 
some  fraction  of  the  most  populated  velocity  bin.  For 
pure  Gaussian  distributions,  the  population  cut-off  limit 
and  the  RMS  value  are  mathematically  related.  For 
skewed  histograms  of  turbomachinery  rotor  flows,  the 
relation  between  the  population  cut-off  limit  and  RMS 
values  is  not  straightforward.  The  author's  experience  is 
that  the  population  cut-off  limit  should  not  be  less  than  10 
velocity  samples  per  bin. 


Ensemble  Clipping 

The  cleaning  procedure  to  follow  the  histogram 
clipping  is  applied  either  to  the  channel  or  rotor  data  sets, 
depending  on  which  type  of  sampling  was  employed. 
For  channel  sampling  data  sets,  all  of  the  acquired  LV 
samples  were  allocated  to  particular  pitch  positions  in  a 
single  blade  channel  (Figure  8).  After  that,  the  data 
subsets  at  each  of  the  recorded  pitch  positions  (82  in  the 
described  case)  were  treated  separately.  Since  the  data 
were  acquired  in  the  sampling  mode  synchronized  with 
the  blade  passing  frequency,  the  time  dependence  of  the 
velocity  signals  with  respect  to  the  rotor  motion  was 
removed  and  the  individual  velocity  data  sets  at  each 
pitch  position  can  be  treated  as  having  constant  mean 
velocities.  Velocity  histograms  for  each  data  subset  were 
generated  and  the  mean  values  and  the  root-mean-square 


Figure  6.  Over-all  data  velocity  histogram  of  recorded 
LV  samples. 


Figure  7.  Population  cut-off  limit  of  a  wlocitv 
histogram. 
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Figure  8.  LV  samples  recorded  in  a  channel  sampling  mode. 


standard  deviations  (RMS)  were  calculated  for  each  of 
the  data  subsets.  The  resulting  mean  velocity  values 
along  the  blade-channel  pitch  are  shown  in  Figure  8  by 
a  solid  line;  the  dotted  lines  show  the  ±3o  (standard 
deviations)  of  individual  data  subsets  at  each  of  the  82 
pitch  positions.  Then,  all  the  velocity  samples  outside  of 
the  ±3o  band  were  rejected  for  their  low  statistical 
significance,  and  both  mean  and  RMS  values  were 
calculated  again  for  the  remaining  velocity  samples. 
Next,  a  population  cut-off  threshold  was  set  for  the  blade- 
channel  data  ensemble  for  the  entire  blade-channel. 
Again,  the  cut-off  threshold  can  be  set  arbitrarily  or  it 
can  be  related  to  the  most  populated  subset  at  any  of  the 
pitch  positions.  Usually,  the  cut-off  threshold  is  equal 
either  to  1  %  of  the  population  of  the  most  populated  data 
subset  or  to  a  minimum  of  10  velocity  samples, 
whichever  is  greater.  All  data  subsets  with  populations 
less  than  the  selected  threshold  were  eliminated  because 
of  their  low  statistical  significance. 

The  procedure  of  ensemble  clipping  for  rotor 
sampling  data  sets  is  similar  to  the  previous  procedure  for 
channel  clipping;  however,  in  this  case,  it  is  repeated 
separately  for  each  blade  channel  in  the  rotor.  The 
individual  rotor  blade  channels  have  a  lower  data 
population  than  was  the  case  of  the  single  blade  channel 
for  the  channel  sampling;  therefore,  the  population  cut¬ 
off  threshold  is  lower  than  in  the  case  of  blade-channel 
sampling.  For  the  current  data,  the  cut-off  limit  for  the 
rotor  sampling  procedure  was  set  to  5  velocity  samples. 
Elimination  of  some  of  the  data  subsets  at  some  of  the 
pitch  positions  for  rotor  clipping  could  lead  to  gaps  in  the 
velocity  distribution  for  some  of  the  blade  channels, 
which  is  a  trade-off  with  data  reliability.  The  resulting 
data  file  represents  the  velocity  distribution  for  the  entire 
rotor  for  an  average  revolution  of  the  rotor  (Figure  I). 


Visibility  Clipping 

Visibility  clipping  is  the  last  cleaning  procedure 
applied  to  the  LV  data.  Its  purpose  is  to  eliminate  LV 
samples  which  could  possibly  originate  from  the  LV 
probe  and  blade  surface  interaction  (blade  Hash).  It  is 
based  on  mapping  the  rotor  blade  channel  in  terms  of  LV 
probe  visibility.  By  masking  the  LV  data  with  a  visibility 
map,  the  LV  samples  at  pitch  positions  close  to  blade 
surfaces,  which  could  originate  from  the  blade  surface 
reflections,  are  eliminated.  The  visibility  clipping 
procedure  is  performed  in  the  data  post  processing. 
Visibility  clipping  is  discussed  in  detail  by  Lepicovsky 
(1993)  and  is  mentioned  here  only  for  the  sake  of 
completeness. 


THE  BLADE-CHANNEL  VERSUS  ROTOR 
SAMPLING  APPROACH 

The  cleaned  LV  data  consist  of  individual  data 
subsets  for  each  position  along  a  blade-channel  pitch  or 
the  rotor  circumference.  The  individual  data  subsets 
contain  information  about  the  velocity  distribution  (mean 
values)  as  well  as  the  velocity  unsteadiness  distribution 
(standard  deviation  values).  The  velocity  information  can 
be  used  for  comparison  with  the  CFD  predictions.  The 
data  generated  by  the  channel  sampling  can  be  used 
directly  since  they  depict  velocity  or  velocity  unsteadiness 
distributions  over  a  single  rotor  blade  channel  (Figure  9). 
The  data  generated  using  the  rotor  sampling  (Figure  1), 
however,  must  first  be  averaged  over  the  entire  rotor. 
The  resulting  single  channel  distributions  are  shown  in 
Figure  10.  The  vertical  bars  at  pitch  positions  of  r  = 
0.2,  0.4,  0.6,  and  0.8  indicate  the  range  of  average  axial 
velocity  values  in  individual  rotor  blade  channels  as 
reported  in  Figure  1.  As  can  be  seen  by  comparing  the 
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AXIAL  VELOCITY 


VELOCITY  UNSTEADINESS 


Figure  9.  Velocity  and  velocity  unsteadiness  distributions  generated  using  the  blade-channel  sampling  mode. 


lefthand  sides  of  Figures  9  and  10,  there  is  practically  no 
difference  between  both  velocity  distributions,  and  it 
appears  they  can  be  used  interchangeably.  This 
conclusion  seems  to  be  true  even  for  large  channel-to- 
channel  differences  for  cases  of  data  sets  with  sufficiently 
high  populations  of  LV  samples.  In  our  case  the  above 
conclusion  was  valid  for  measurements  with  at  least  25 
LV  samples  per  pitch  location  and  blade  channel  (rotor 
sampling).  Even  though  there  are  no  visible  differences 
in  velocity  distributions  for  the  blade-channel  and  rotor 
sampling  approaches,  rotor  sampling  should  be  preferred 
because  it  allows  inspection  of  channel -to-channel 
differences  (Figure  1).  However,  for  cases  of  low  data 
rates  and  a  small  number  of  acquired  samples  with  very 
uniform  rotor  flowfields,  blade-channel  sampling  can  be 
safely  used. 

Contrary  to  the  velocity  case,  there  are  noticeable 


differences  for  distributions  of  velocity  unsteadiness 
generated  by  these  two  methods.  The  velocity 
unsteadiness  levels  generated  by  the  blade-channel 
sampling  method  are  visibly  higher  (righthand  side  of 
Figure  9)  than  those  resulting  from  the  rotor  sampling 
method  (righthand  side  of  Figure  10).  Clearly,  the  rotor 
sampling  procedure  followed  by  averaging  over  the  entire 
rotor  removes  the  channel -to-channel  deterministic  and 
periodic  fluctuations  from  the  resulting  velocity 
unsteadiness  distribution.  Consequently,  the  resulting 
velocity  unsteadiness  distribution  contains  only  random 
velocity  fluctuations,  which  approximate  flow  turbulence 
intensity  [Lepicovsky  (1986)).  In  most  cases,  however, 
the  resulting  unsteadiness  levels  are  still  slightly  higher 
than  the  flow  turbulence  true  levels  because  of  the 
contaminations  resulting  from  the  nonuniformity  of  seed 
particle  sizes  and  the  effects  of  uncertainty  in  determining 
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Figure  10.  Velocity  and  velocity  unsteadiness  distributions  generated  using  the  rotor  sampling  mode. 
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the  pitch  position  (especially  in  the  regions  of  high 
velocity  gradients).  In  any  case,  the  average  velocity 
unsteadiness  for  the  rotor  sampling  (as  shown  in  the 
righthand  side  of  Figure  10)  is  a  measure  of  velocity 
fluctuations  in  the  rotating  system  (inside  the  spinning 
rotor),  while  the  velocity  unsteadiness  distribution  for  the 
channel  sampling  (the  righthand  side  of  Figure  9)  is  a 
measure  of  velocity  fluctuations  felt  on  nonrotating 
elements  in  the  flow  path  behind  the  rotor.  The  velocity 
unsteadiness,  shown  in  Figure  9,  determines  the 
maximum  amplitude  of  the  excitation  force  for  flow- 
induced  vibrations  on  nonmoving  structural  components. 

A  strong  argument  in  favor  of  the  rotor  sampling 
approach  is  the  ability  to  capture  the  flowfteld  over  the 
entire  rotor,  as  shown  in  Figure  1 .  The  range  of  velocity 
differences  among  individual  rotor  channels  generated 
using  rotor  sampling  is  summarized  in  Figure  1 1 .  The 
velocity  profile  in  the  upper  left  comer  shows  the 
resulting  average  blade-to-blade  velocity  distributions. 
The  subplot  in  the  upper  right  comer  shows  velocity 
profiles  from  all  rotor  channels  simply  "piled-up"  on  each 
other.  The  remaining  two  subplots  show  five  "low*  and 
five  "high"  rotor  channels  plotted  separately  (but  not 
averaged).  The  high  and  low  channels  were  determined 
based  on  the  value  of  average  velocity  in  each  individual 
blade  channel.  The  figure  demonstrates  that  for  the 
particular  fan  operating  conditions,  the  velocity  level 
difference  among  individual  rotor  blade  passages  reached 
up  to  80  m.s'1,  which  is  25  %  of  the  average  mid-channel 
axial  velocity,  and  that  the  velocity  distribution  for  "low" 
channels  exhibited  a  different  trend  across  the  blade 
channel  than  the  velocity  distribution  for  the  "high" 
channels.  Channel -to-channel  velocity  variations  were 
observed  for  most  of  the  fan  operating  regimes 


investigated;  in  a  majority  of  cases,  the  variations  were 
substantially  smaller  than  that  depicted  in  Figure  1.  In 
any  case,  however,  the  variation  pattern  was  always  the 
same;  it  is  that  the  same  blade  channels  were  always 
either  "high"  or  "low"  regardless  of  the  operating 
conditions.  The  repeatability  of  the  nonuniformity 
pattern  indicates  that  the  velocity  channel-to-channel 
variations  were  connected  to  the  differences  in  the 
geometry  of  individual  blade  channels. 

CONCLUSIONS 

The  acquired  LV  data  shed  new  light  on  the  flow 
physics  of  high-speed  fan  rotors.  The  recorded  channel- 
to-channel  velocity  variations  are  important  information 
which  must  be  taken  into  consideration  when  using  the 
experimental  data  to  evaluate  the  accuracy  of  CFD  codes. 
The  information  about  channel-to-channel  variations 
cannot  be  derived  from  the  CFD  methods  since  it  stems 
from  the  actual  rotor  geometry,  while  the  CFD 
predictions  are  based  on  an  idealized  rotor  passage. 

The  ability  of  rotor  sampling  to  capture  the  channel- 
to-channel  velocity  variations  is  an  important  factor  in 
favor  of  the  rotor  sampling  approach.  It  is  the  author's 
view  that  rotor  sampling  should  be  preferred  even  though 
it  is  more  demanding  on  a  high  LV  data  rate  and  a  large 
memory  capacity  of  the  data  acquisition  electronics.  The 
total  number  of  acquired  LV  samples  must  be  sufficiently 
high  to  secure  enough  velocity  data  per  pitch  position  in 
each  rotor  channel  for  the  resulting  data  to  be  statistically 
significant. 

Finally,  there  is  no  universal  answer  to  what  data 
reduction  procedure  should  be  used  for  data  comparison 
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Figure  11.  Channel-to-channel  velociry  variations. 
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with  the  CFD  predictions.  It  should  he  judged  case  by 
case.  Obviously,  for  flow  conditions  as  depicted  in 
Figure  1 1,  it  makes  little  sense  to  spend  excessive  effort 
trying  to  adjust  the  CFD  predictions  to  every  detail  of  the 
experimental  data.  Rather,  the  comparison  should  focus 
on  trends  in  the  velocity  flowfield  development  and  on 
comparison  with  global  llowfield  characteristics. 
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Abstract 

Low-Reynolds-number  effects  in  a  zero  pressure  gra¬ 
dient  turbulent  boundary  layer  have  been  investigated 
using  a  two-component  LDV  system.  The  momentum 
thickness  Reynolds  number  Rg  is  in  the  range  400  to 
1320.  The  wall  shear  stress  is  determined  from  the 
mean  velocity  gradient  close  to  the  wall,  allowing  scal¬ 
ing  on  wall  variables  of  the  inner  region  of  the  layer 
to  be  examined  unambiguously.  The  results  indicate 
that,  for  the  present  Rg  range,  this  scaling  is  not  ap¬ 
propriate.  The  effect  of  Rg  on  the  Reynolds  normal 
and  shear  stresses  is  felt  within  the  sublayer.  Outside 
the  buffer  layer,  the  mean  velocity  is  more  satisfacto¬ 
rily  described  by  a  power-law  than  by  a  logarithmic 
distribution. 

1  Introduction 

The  direct  numerical  simulation  (DNS)  boundary  layer 
data  of  Spalart  (1988)  for  Rg  in  the  range  300  to  1410 
show  that  scaling  on  wall  variables  uT  and  u  (ur  is  the 
friction  velocity  and  v  is  the  kinematic  viscosity)  is  gen¬ 
erally  inappropriate  for  the  inner  region  of  the  layer. 
Significant  Rg  effects  on  the  wall-normalized  turbu¬ 
lence  quantities  are  evident;  these  effects  often  extend¬ 
ing  down  to  the  wall.  The  wall-normalized  Reynolds 
stresses  exhibit  different  Reynolds  number  dependences, 
the  w'+  component  (u,  v,  w  denote  the  velocity  fluc¬ 
tuations.  in  the  streainwise  (x),  wall-normal  (y)  and 
spanwise  (z)  directions  respectively;  the  prime  denotes 
an  rms  value,  and  the  superscript  +  denotes  normal¬ 
ization  by  the  wall  variables)  being  the  most  affected. 
Spalart’s  results  show  that,  while  u'+  has  a  distinct 
peak  at  y+  as  15,  the  peaks  in  v'+,  u>'+  and  -u+v+  are 
much  broader,  and  their  y+  locations  increase  with  Rg. 
Similar  low  Reynolds  number  effects  in  the  inner  region 
of  a  fully  developed  turbulent  channel  flow  have  been 
observed  both  in  experimental  and  DNS  data  (Kim  et 


al.,  1987;  Wei  and  Willmarth.  1989;  Antonia  et  at., 
1992).  Antonia  and  Kim  (1993),  using  the  channel 
flow  DNS  data,  examined  the  near-wall  behaviour  of 
the  various  turbulence  quantities  and  showed  that  the 
Reynolds  number  effects  were  most  pronounced  at  the 
wall. 

There  is  as  yet  no  fully  satisfactory  explanation  for 
these  effects.  Spalart  ( 1988)  attributed  the  effect  to  the 
inactive  motion  (Townsend,  1961;  Bradshaw,  1967). 
Wei  and  Willmarth  (1989)  suggested  two  possible  rea¬ 
sons:  an  increased  vortex  stretching  with  Reynolds 
number  and  a  direct  interaction  between  inner-region 
structures  from  opposite  channel  walls.  Antonia  et  al. 
(1992),  by  introducing  a  small  amount  of  heat  at  one 
of  the  walls  in  experiments  and  simulations,  dismissed 
the  direct  interaction  explanation  as  unlikely.  They 
also  found  no  significant  evidence  for  attributing  low 
Reynolds  number  effects  to  the  inactive  motion,  argu¬ 
ing  instead  that  the  active  motion  should  be  the  major 
contributor  to  the  Reynolds  shear  and  normal  stresses 
in  the  inner  region.  Antonia  and  Kim  (1993)  concluded 
that  low-Reynolds-number  effects  could  be  explained 
in  terms  of  an  intensification  of  the  vortices  in  the  wall 
region,  noting  however,  that  the  average  location  and 
diameter  of  the  vortices,  when  expressed  in  wall  units, 
remain  approximately  unchanged. 

Low  Reynolds  number  effects  can  also  be  discerned 
on  the  mean  velocity.  Spalart’s  data,  when  plotted  in 
the  form  (y+  dU+  / dy+  )  versus  y+,  suggest  that  Rg  ef¬ 
fects  extend  into  the  inner  region.  Also,  from  such  a 
plot,  Spalart  inferred  that  the  log  region  disappears 
at  R*  <  600.  Arguments  for  a  log  region  are  strictly 
tenable  only  at  infinite  Reynolds  number  (e.g.  Sreeni- 
vasan,  1990),  and  there  is  no  a  pnon  reason  for  it  to 
be  valid  at  low  Reynolds  numbers.  On  the  other  hand, 
the  arguments  for  a  power  law,  (/+  =  Cy+n ,  which 
are  as  convincing  as  those  for  a  log  region  (Baren- 
blatt,  1993;  George  and  Castillo,  1993),  are  valid  at 
finite  Reynolds  numbers  and  should  be  more  relevant 
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for  low  Rf  boundary  layers.  In  the  outer  region,  the 
strength  of  the  wake  A U  + ,  defined  by  Coles  (1962) 
as  the  maximum  deviation  of  the  velocity  profile  from 
the  log  region,  has  been  shown  to  decrease  for  val¬ 
ues  of  Re  <  6000  (most  of  the  decrease  occuring  for 
Re  <  2000),  and  is  often  cited  as  an  important  in¬ 
dicator  of  low  Reynolds  number  effects.  However,  in 
the  light  of  the  previous  comments  on  the  log  region, 
A U+  is  unlikely  to  provide  a  reliable  measure  of  low 
Reynolds  number  effects  on  the  outer  region. 

The  main  aim  of  this  study  is  to  investigate  low 
Reynolds  number  effects  on  the  inner  region  of  a  tur¬ 
bulent  boundary  layer  by  exploiting  the  advantages  of 
LDV  in  this  region.  At  present,  there  are  very  few 
reliable  measurements  in  the  near-wall  region  of  a  tur¬ 
bulent  boundary  layer.  This  is  primarily  due  to  the  dif¬ 
ficulties  associated  with  hot-wire  anemometry  in  this 
region  (e.g.  see  Antonia,  1993).  Karlsson  and  Johans¬ 
son  (1988)  showed  that  reliable  near-wall  data  could 
be  obtained  using  LDV,  but  presented  boundary  layer 
data  only  for  Re  =  2400.  In  particular,  LDV  allows  the 
wall  shear  stress  to  be  estimated  from  the  mean  veloc¬ 
ity  gradient  close  to  the  wall  (see  Djenidi  and  Antonia, 
1993).  This  is  important  when  enquiring  into  the  rel¬ 
evant  scaling  for  both  mean  velocity  and  turbulence 
intensities  in  the  inner  layer. 

2  Experimental  Details 

The  experiments  were  performed  in  a  closed  circuit 
constant-head  vertical  water  tunnel  (Zhou  and  Anto¬ 
nia,  1992)  shown  schematically  in  Fig.  1.  The  vertical 
2  m  high  working  section  (250  mm  square  cross  sec¬ 
tion)  is  made  of  20  mm  thick  clear  perspex.  One  of 
the  walls  of  the  working  section,  which  is  removable, 
was  used  as  the  smooth  wall.  A  roughness  strip,  which 
was  made  up  of  4.5  mm  high  pebbles  glued  onto  a 
30  mm  wide  perspex  strip,  was  recessed  into  a  groove 
about  100  mm  downstream  from  the  exit  of  the  con¬ 
traction  and  used  to  trip  the  boundary  layer.  The  mea¬ 
surement  station  was  located  about  1  m  downstream 
of  the  roughness  strip.  Flow  visualization  performed 
by  injecting  dye  through  a  hole  in  the  wall  indicated 
the  boundary  layer  to  be  turbulent  at  this  station  for 
a  freestream  velocity,  U\,  as  small  as  0.08  m/s.  The 
maximum  value  of  U\  is  about  0.5  in/s.  The  freestream 
turbulence  intensity  is  less  than  0.5%  for  all  values  of 
U\.  The  pressure  gradient  was  checked  by  measuring 
U\  at  several  axial  locations  and  found  to  be  negligibly 
small  (UidUi/dx  «  5.5  x  10-<  ms-2  for  a  freestream 
velocity  of  about  0.22  m/s).  Measurements  were  per¬ 
formed  at  eight  values  of  Re  in  the  range  400  to  1320, 
corresponding  to  a  range  of  0.08  to  0  45  in/s  for  U\. 
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Figure  1:  Schematic  of  water  tunnel 

The  mean  velocity  at  the  centerline  of  the  tunnel,  mea¬ 
sured  prior  to  and  after  each  velocity  profile  measure¬ 
ment,  was  found  to  be  nearly  constant,  thus  confirming 
the  stability  of  the  tunnel  during  the  relatively  long  ex¬ 
perimental  times  (~  8  hours  for  one  profile). 

A  three-component  fibre  optic  LDV  system  (5VV 
Ar-Ion)  was  used  in  forward  scatter  mode.  Only  two- 
component  measurements  (for  u  —  v  or  n  —  w)  were 
performed.  Since  the  refractive  index  effects  are  wave¬ 
length  dependent,  the  two  pairs  of  beams  with  the 
closest  wavelengths  (in  this  case,  blue  and  violet  with 
wavelengths  488  and  476.5  nm  respectively)  were  used 
For  the  u  —  v  measurements,  the  measuring  volumes 
had  their  largest  dimension  oriented  along  the  spanwise 
direction  in  order  to  optimize  the  spatial  resolution  in 
the  wall-normal  direction.  In  this  configuration,  the 
beam  closest  to  the  wall  (used  for  the  wall-normal  com¬ 
ponent)  was  centered  using  a  pair  of  prisms,  and  the 
probe  was  slightly  tilted  (ss  2°)  with  respect  to  the  z- 
direction  in  order  to  obtain  measurements  very  close  to 
the  wall.  With  the  diameter  of  the  beam  crossing  ellip¬ 
soid  being  0.04  mm  and  the  measured  friction  velocity 
in  the  range  0.004  to  0.02  m/s,  the  spatial  resolution  in 
the  wall-  normal  direction  was  in  the  range  0.16  to  0.8 
wall  units.  For  the  u  —  w  measurements,  the  length  of 
the  measuring  volume  (0.5  mm)  was  perpendicular  to 
the  wall,  resulting  in  a  poorer  spatial  resolution  (in  the 
wall-normal  direction)  in  this  case.  The  probe  was  tra¬ 
versed  using  a  three-dimensional  computer-controlled 
traversing  system,  with  a  minimum  step  length  of  0.025 
mm  in  all  three  directions. 

Enhanced  Burst  Spectrum  Analyzers  (BSA)  were 
used  for  processing  the  photo  multiplier  signals  The 
two-component  measurements  were  made  in  the  coin¬ 
cidence  mode,  except  very  close  to  the  wall  where  the 
data  rates  fall  off  quite  steeply.  In  the  coincidence 
mode,  the  two  BSAs  process  the  electrical  signals  only 
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when  a  particle  simultaneously  crosses  the  two  measur¬ 
ing  volumes,  allowing  a  more  reliable  measurement  of 
the  Reynolds  shear  stress  —  ut>  Very  close  to  the  wall, 
operation  in  the  coincidence  mode  was  not  feasible  be¬ 
cause  of  the  very  low  data  rates  (note  that  no  seeding 
was  used).  In  this  case,  in  order  to  improve  the  data 
rates,  the  BSAs  were  operated  in  the  private  mode. 
Typical  data  rates  in  the  outer  part  of  the  boundary 
layer  were  about  200  Hz,  falling  ofT  to  about  10  Hz  very 
close  to  the  wall.  In  the  outer  part  of  the  boundary 
layer,  20000  samples  were  collected  at  each  measure¬ 
ment  point  and  this  was  reduced  to  5000  samples  very 
close  to  the  wall. 

3  Determination  of  uT  and  Mean 
Velocity  Profiles 

To  examine  the  inner  scaling  laws  unambiguously,  an 
accurate  estimate  of  the  friction  velocity  is  of  paramount 
importance.  However,  the  accurate  determination  of 
the  friction  velocity  for  low  Ra  turbulent  boundary  lay¬ 
ers  is  not  trivial.  At  low  Rg ,  there  is  no  rigorous  ba¬ 
sis  for  the  log  region,  and  the  Clauser-plot  technique 
would  therefore  be  ineffective.  A  reliable  method  of 
estimating  uT  is  to  measure  the  mean  velocity  gradi¬ 
ent,  dU/dy,  at  the  wall.  Djenidi  and  Antonia  (1993) 
determined  uT|  with  an  estimated  uncertainty  of  ±3%, 
by  fitting  a  straight  line  to  their  near-wall  LDV  data 
for  y+  <  2.5  on  the  basis  that  the  DNS  data  of  Kim  et 
al.  (1987)  and  Spalart  (1988)  indicate  that  dU+ /dy+ 
has  decreased  to  about  0.97  at  y+  «  2.6,  i.e.  3%  below 
the  wall  value. 

For  all  Rg,  it  was  possible  to  measure  U  down  to 
about  y+  as  1,  which  enabled  uT  to  be  estimated  using 
the  method  of  Djenidi  and  Antonia  (1993).  An  initial 
estimate  of  uT  was  obtained  by  fitting  a  least  squares 
straight  line  to  the  near-wall  U  data.  The  origin  for  the 
velocity  profile  was  estimated  by  extrapolating  this  line 
to  U  =  0;  this  location  was  always  within  ±0.075  mm 
of  the  initial  estimate  of  the  origin  (inferred  by  visual 
inspection  of  the  intersection  of  the  laser  beams  as  they 
approached  the  perspex  wall  and  of  the  analogue  sig¬ 
nals  from  the  BSA’s).  From  the  initial  estimate  of  uT, 
the  physical  values  of  y  were  converted  to  y+  and  the 
linear  fit  was  re-done  in  the  region  y+  <  2.5.  The  sec¬ 
ond  (and  final)  estimate  of  ur  was  typically  5%  larger 
than  the  first  estimate;  further  iterations  showed  no 
change  in  the  value  of  ur 

Normalized  mean  velocity  profiles  (Fig.  2;  only  three 
profiles  are  shown  for  clarity)  show  the  same  trend  as 
the  DNS  profiles  of  Spalart.  While  the  experimental 
data  closely  agree  with  the  DNS  data  throughout  the 
layer  at  the  higher  Reynolds  number,  they  are  slightly 


Figure  2:  Mean  velocity.  Re  =  1316;  +,  765;  n, 
400; - ,  DNS  1410; - ,  670; - ,  300. 


Figure  3:  Distribution  of  (y+dU+ /dy+).  - ,  DNS; 

- ,  experimental. 


higher  than  the  DNS  data  at  the  lower  Reynolds  num¬ 
bers  for  y+  >30.  There  appears  to  be  good  collapse  of 
the  profiles  in  the  region  y+  <  30;  a  Reynolds  number 
dependence  is  discernible  for  y+  >  30.  Note  that  only 
the  collapse  in  the  region  y+  <  2.5  is  “forced”  in  view 
of  the  way  in  which  uT  is  determined. 

To  accentuate  the  effects  of  Rg  on  the  mean  ve¬ 
locity,  especially  in  the  inner  region,  ( y+dU  / r/y+ )  is 
plotted  against  (lny+)  (Fig  3).  Such  a  plot  also  allows 
a  critical  examination  of  the  log  region;  a  log  region 
should  appear  as  a  plateau  in  the  curve  (see  Spalart, 
1988).  The  derivative  dU  /dy+  was  determined  after 
first  applying  a  curve  fit  to  the  data  for  U+  ■  This  was 
done  via  the  calculation  method  of  Bisset  and  Anto¬ 
nia  (1991),  which  combines  an  eddy  viscosity  relation 
for  the  inner  region  and  an  empirical  wake  function  for 
the  outer  region;  the  assumptions  on  which  the  calcu¬ 
lation  is  based  are  not  of  particular  relevance  in  the 
present  context  since  the  main  interest  here  is  to  ob- 
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Figure  4:  Mean  velocity  plotted  in  the  form  of  a  power- 
law.  0,  Re  -  1316;  O,  979;  +,  765;  V,  509;  O,  400. 
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Figure  5:  Mean  velocity  plotted  as  a  function  ♦  = 
1/a  In TJ+  /C.  Symbols  as  for  Fig.  4; - ,  =  lny+. 

ffrio  a  reliable  curve  fit  to  U  in  order  to  estimate 
dU  /dy+  (thus  avoiding  the  need  to  differentiate  the 
U  data).  No  significant  plateau  is  evident  in  any 
of  the  y+dU+ /dy+  profiles.  Instead,  all  the  profiles 
exhibit  a  local  minimum,  indicating  that  the  logarith¬ 
mic  region  is  either  very  narrow  or  non-existent.  As 
the  Reynolds  number  decreases,  the  local  minimum  in¬ 
creases  and  its  location  shifts  to  a  smaller  value  of  y+ . 
For  R«  =  400,  the  minimum  occurs  at  y+  ss  40,  while 
for  R#  —  1320,  it  is  at  y+  a  60.  The  distributions 
of  y+dU*  / dy+  suggest  that  the  effect  of  R9  on  U+  is 
discernible  for  y+  >  8,  i.e  the  effect  extends  well  into 
the  buffer  layer. 

The  mean  velocity  data  are  plotted  in  the  form 
07+)*/»  versus  y+  (Fig.  4)  to  ascertain  whether  a  power- 
law  distribution  of  the  form 

U+  =  Cy+a  +  D  ,  (1) 

is  applicable.  Based  on  the  corrections  to  the  classical 
Kolmogorov-Obukhov  exponents  2/3  and  5/3,  Baren- 


blatt  ( 1993)  conjectured  that  the  exponent  r«  should  be 
inversely  proportional  to  the  logarithm  of  the  Reynolds 
number.  A  specific  form  of  the  conjecture,  based  on 
that  used  by  Barenblatt  (1993)  for  pipe  flow,  i.e. 


where  Rj  (=  U\S/u)  is  the  boundary  layer  thickness 
Reynolds  number,  was  used  to  determine  a.  Straight 
lines  are  observed  over  an  extensive  y+  range  for  all  R#, 
indicating  that:  (a)  the  mean  velocity  distribute  n  out¬ 
side  the  buffer  layer,  and  extending  into  the  outer  layer, 
appears  to  be  well  represented  by  a  power-law,  and  (b) 
the  value  of  a  appears  to  be  consistent  with  (2).  It  is 
also  seen  that,  when  extrapolated,  the  straight  lines  in 
Fig.  4  (obtained  by  a  least  squares  fit  to  the  data  after 
first  eliminating  the  data  points  close  to  the  wall  and 
to  the  boundary  layer  edge),  nearly  pass  through  the 
origin  indicating  that  D  «  0.  A  quasi-uni versal  form 
of  the  power-law  can  be  obtained  by  defining  a  new 
function  (Barenblatt  and  Prostokishin,  1993), 

1  (7+ 

*  =  _lni_  =lny+  (3) 

a  C 

The  mean  velocity  data  are  plotted  in  the  form  ver¬ 
sus  y+  in  Fig.  5,  and  for  y+  >  25,  there  is  good  collapse 
of  the  data  onto  the  line  V  =  !ny+.  The  power-law  is 
observed  to  extend  well  into  the  outer  layer.  Although 
the  profiles  deviate  from  the  line  'I'  =  In  y+  for  y+  <  25 
—  this  is  expected  since  ( 1 )  is  not  supposed  to  be  valid 
close  to  the  wail  anyway  -  there  is  still  an  apparently 
good  collapse  of  the  data  down  to  the  sublayer.  This  is 
because  there  is,  in  general,  a  good  collapse  of  V  vs 
y+  in  the  range  y+  <  25  (see  Fig.  2),  and  the  variation 
of  a  and  C  over  the  present  R#  range  is  small  enough 
(0.158  <  a  <  0.179  and  7.51  <  C  <  8  03)  to  show 
an  apparent  collapse  of  the  data.  The  arguments  for  a 
power-law  are  based  on  the  assumption  that  viscosity 
exerts  a  non-trivial  influence  on  the  mean  velocity;  if  a 
asymptotes  to  a  non-zero  constant,  the  log-law  would 
not  be  strictly  valid,  and  the  traditional  asymptotic 
arguments  for  the  boundary  layer  would  need  to  be 
re-examined.  The  skin  friction  law  corresponding  to 
the  power-law  (1)  can  be  obtained  (by  extrapolating 
to  y  =  6)  as: 

uT  1  /  exp(3/2tr)  \  1/(  1 +CT> 

Ui  exp(3/2o)  V  C  ) 

For  all  Rj,  the  experimental  values  of  uT  are  within 
±3%  of  those  obtained  with  Eq.  (4)  This  good  agree¬ 
ment  suggests  the  possibility  of  using  (4)  as  a  means 
of  estimating  the  friction  velocity,  especially  at  low 
Reynolds  numbers. 


Figure  6:  rms  longitudinal  turbulence  intensity.  0, 
ft#  =  1316;  O,  979;  +,  765;  A,  729;  V,  509;  O,  400; 
- ,  DNS  1410; - ,  670; - ,  300. 

4  Turbulence  Measurements 

One  measure  of  the  uncertainty  in  the  Reynolds  stress 
measurements  in  the  near-wall  region  —  there  is  a 
marked  decrease  in  the  signal-to-noise  ratio  as  the  wall 
is  approached  because  of  the  decrease  in  the  velocity 
itself,  and  the  large  amount  of  extraneous  light  (re¬ 
flected  from  the  wall)  collected  by  the  receiving  optics 
—  was  provided  by  the  scatter  inferred  from  the  repe¬ 
tition  of  measurements  at  the  same  point.  This  uncer¬ 
tainty  was  estimated  at  ±4%,  while  the  uncertainty  in 
uT  is  ±3%  (see  Djenidi  and  Antonia,  1993);  this  yields 
an  uncertainty  of  ±5%  (see  Moffat,  1988)  for  the  wall- 
normalized  quantities.  An  additional  uncertainty  in 
the  results  is  that  due  to  the  correct  location  of  the 
origin;  this  is  estimated  at  ±0.025  mm  (the  minimum 
resolution  of  the  traversing  system),  corresponding  to 
y+  in  the  range  0.1  to  0.5.  Although  the  absolute  error 
in  the  location  of  the  origin  is  small,  this  is  highlighted 
in  the  near-wall  region  because  of  the  logarithmic  scale 
for  y+. 

All  of  the  u'+  profiles  (Fig.  6)  have  a  discernible 
peak  at  about  y+  =  15;  this  location  is  consistent  with 
that  found  for  the  DNS  data  of  Spalart  (1988).  The 
magnitude  and  y+  location  of  the  present  u'+aI  is  also 
in  good  agreement  with  the  hot-wire  data  of  Purtell 
at  al.  (1981)  (these  are  not  shown  to  avoid  overcrowd¬ 
ing).  However,  the  nearly  constant  peak  magnitude  of 
about  2.75  is  at  variance  with  the  systematic  increase 
observed  in  the  DNS  data.  For  y+  >  15,  there  is  a 
generally  systematic  increase  in  u'+  with  ft#  at  any 
given  y+;  also,  u'+  falls  off  less  rapidly  with  y+  as  Re 
increases.  It  is  difficult  to  discern  a  Reynolds  number 
effect  from  the  above  figure  in  the  region  y+  <  15. 
However,  when  only  the  near-wall  data  at  the  two  ex¬ 
treme  values  of  ft#  are  plotted  (Fig.  7),  a  systematic 


Figure  7:  Near-wall  data  for  u'+  and  v'+ .  C\  Re  = 
1316;  □  ,  400.  Open  symbols  for  u'+,  solid  symbols  for 


Figure  8:  rms  normal  turbulence  intensity.  Symbols 
and  lines  as  for  Fig.  6. 

increase  with  ft#  is  noticeable  for  both  u'+  and  t>'+. 
The  increase  in  v,+  extends  to  larger  values  of  y+  than 
that  in  u,+  .  In  contrast  to  u'+,  the  peak  in  v'+  (Fig.  8) 
is  much  broader,  and  the  magnitude  and  y+  location  of 
increase  with  ft#.  While  the  peak  in  u,+  occurs 
in  the  inner  layer,  the  peak  location  for  t/+  occurs  in 
the  range  70  <  y+  <  100.  A  systematic  increase  in  r'+ 
with  ft#  is  observed  for  y+  >  15,  the  increase  being 
more  pronounced  than  for  u'+.  While  it  is  difficult  to 
discern  any  ft#  effects  in  the  region  y+  <  15  from  Fig 
8,  the  results  in  Fig.  7  indicate  that  the  ft#  effects  on 
v'+  extend  into  the  sublayer.  Profiles  of  w'+  are  shown 
in  Fig.  9,  and  for  the  range  of  y+  in  which  the  mea¬ 
surements  were  performed,  show  a  systematic  increase 
with  ft#.  Note  that  relative  to  u'+  and  v'+,  the  DNS 
data  show  that  the  effect  of  ft#  on  w'+  is  much  larger 
in  the  near-wall  regici  Despite  the  lack  of  near-wall 
measurements  for  u/+,  this  trend  is  also  evident  in  the 
experimental  data;  close  to  the  wall,  the  poor  spatial 
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Figure  9:  rms  spanwise  turbulence  intensity.  Symbols 
and  lines  as  for  Fig.  6. 


Figure  10:  Reynolds  shear  stress.  Symbols  and  lines 
as  for  Fig.  6. 


resolution  in  the  wall-normal  direction  compounded  by 
the  glare  of  the  laser  beams  as  they  hit  the  wall  (this 
is  far  more  intense  than  the  light  scattered  from  the 
measuring  volume)  makes  it  difficult  to  obtain  good 
measurements.  A  peak  in  u/+,  albeit  a  broad  one,  is 
discernible  in  the  range  30  <  y+  <  60. 

Distributions  of  the  Reynolds  shear  stress  — u+v+ 
are  presented  in  Fig.  10.  The  profiles  show  good  agree¬ 
ment  with  the  DNS  data,  and  like  v,+ ,  systematically 
increase  with  Rt  fory+  >  15.  Within  the  experimental 
uncertainty,  it  is  difficult  to  determine  any  Rg  effects 
in  the  region  y+  <  15;  in  this  case,  the  problems  are 
exacerbated  because  of  the  difficulty  of  making  coinci- 
dence  mode  measurements  close  to  the  wall.  The  peak 
in  —  u+t>+  is  broader  than  that  for  t/+,  and  both  its 
magnitude  and  y+  location,  notwithstanding  the  dif¬ 
ficulty  of  defining  this  peak,  increase  with  Rt.  How¬ 
ever,  the  y+  location  (30  <  y+  <  60)  of  -u+u+max 
is  smaller  than  that  for  The  correlation  coeffi¬ 

cient  puv  (=  -uv/u'v')  displays  a  plateau  with  a  value 


Figure  11:  Correlation  coefficient  between  u  and  v 
Symbols  and  lines  as  for  Fig.  6. 


Figure  12:  Distribution  of  —uv/v2.  Symbols  and  lines 
as  for  Fig.  6. 

of  about  0.4,  starting  at  y+  w  10  and  extending  well 
into  the  outer  layer  (Fig  11).  The  scatter  in  the  data 
makes  it  difficult  to  discern  any  systematic  Reynolds 
number  dependence  for  this  parameter.  However,  the 
DNS  data  show  a  decrease  in  puv  with  an  increase  in 
Rg  throughout  the  layer.  Profiles  of  —  uv  normalized 
by  v2  are  presented  in  Fig.  12.  The  departure  of  the 
experimental  data  from  the  DNS  data  for  y+  <  15  is 
attributed  to  the  difficulties  in  the  —  u+t>+  measure¬ 
ments  in  this  region.  There  appears  to  be  good  col¬ 
lapse  of  the  profiles  in  the  range  15  <  y+  <  100.  This 
reflects  the  fact  that  the  increase  in  —  ?i+i;+  with  Rg 
in  this  range  is  almost  perfectly  offset  by  that  of  t>'+, 
suggesting  that  the  mechanism  responsible  for  the  in¬ 
crease  in  —  u+v+  with  Rg  must  be  the  same  as  that  for 
v'+ .  This  is  plausible  since  the  active  motion  should 
be  the  major  contributor  to  both  i»'+  and  -u+v+  (u'+ 
receives  contributions  from  the  inactive  motion  -  sec 
Antonia  et  al.,  1992),  and  the  increase  in  these  quan¬ 
tities  is  attributed  to  an  intensification  of  the  active 
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motion  with  Re  (Antonia  and  Kim,  1993). 

As  the  freestream  is  approached,  the  values  of  u/  +  , 
v'+  and  u),+  (Figs.  6,  8  and  9)  are  at  variance  with  the 
actual  freestream  turbulence  intensity  of  about  0.5% 
(measured  by  Djenidi  and  Antonia  (1993)  using  a  15 
mW  He-Neon  one-component  TS1  system,  and  con¬ 
firmed  in  this  study  by  measuring  u'  and  v‘  using  a 
DANTEC  ID  probe).  Our  investigations  show  that 
this  is  directly  attributed  to  noise  (the  most  likely 
cause  is  a  poor  alignment  of  the  beam  waists  within 
the  probe)  picked  up  by  the  2D  probe  when  the  actual 
rms-to-mean  values  (ti'/U)  are  small.  The  probe  used 
is  a  DANTEC  85  mm  probe  with  a  beam  expander, 
and  the  beam  separation  distance  was  found  to  have  a 
significant  effect  on  this  apparent  turbulence  intensity. 
Higher  rms  values  were  measured  when  the  beam  sep¬ 
aration  distance  was  reduced.  Profiles  of  the  Reynolds 
stresses  measured  with  different  beam  separation  dis¬ 
tances  showed  that  this  effect  decreases  as  ( u'/U )  in¬ 
creases,  and  is  not  discernible  when  the  value  is  greater 
than  about  8%;  the  inner  layer  is  thus  relatively  free 
of  this  error.  The  slightly  negative  values  of  —  u+v+ 
in  the  freestream  (Fig.  10)  are  also  spurious  and  are 
likely  due  to  a  slight  misalignment  of  the  beams  with 
respect  to  the  streamwise  and  wall-normal  directions 
and/or  a  poor  alignment  of  the  beam  waists  within  the 
probe. 

5  Conclusions 

1 .  As  has  been  previously  observed  by  Spalart  ( 1988) 
using  direct  numerical  simulations,  there  are  sig¬ 
nificant  low  Reynolds  number  effects  on  all  the 
Reynolds  stresses.  The  near-wall  data  for  u'+ 
and  t/+  show  that  the  effect  extends  well  into 
the  sublayer,  indicating  that,  in  the  range  400  < 
Re  <  1320,  scaling  on  wall  variables  is,  in  gen¬ 
eral,  not  appropriate. 

2.  The  dependence  of  each  wall-normalized  quantity 
on  the  Reynolds  number  is  different.  While  the 
peak  in  u'+  is  distinct  and  its  magnitude  and  y+ 
location  are  nearly  constant,  the  peaks  in  v'+ , 
w,+  and  —  u+v+  are  much  broader  and  both  the 
magnitude  and  location  increase  with  Re. 

3.  There  appears  to  be  good  collapse  of  the  -uv 
profiles  when  normalized  by  v-  in  the  range  15  < 
y+  <  100,  indicating  that  the  increase  in  -u+r4 
with  Re  is  almost  perfectly  offset  by  that  of  v'+ 
in  this  region.  This  is  consistent  with  the  notion 
that  the  active  motion  is  the  major  contributor 
to  both  t/'  +  and  —  u+i/+,  and  that  the  increase  in 
these  quantities  is  attributed  to  an  intensification 
of  the  active  motion  with  Re . 


4.  The  profiles  of  (y+  dU  +  /dy+ )  suggest  that  Re  ef¬ 
fects  on  the  mean  velocity  may  be  felt  down  to 
y+  =s  8.  Outside  the  buffer  layer,  the  mean  veloc¬ 
ity  is  well  described  by  a  power-law,  as  opposed 
to  a  universal  log-law,  implying  that  viscous  ef¬ 
fects  are  non-negligible. 
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ABSTRACT 

An  experimental  study  of  turbulent  flow  in  a  channel  has 
been  performed  using  PIV  at  Reynolds  numbers  of  Re/,  = 
S378  and  29935  based  on  the  half-channel  height,  h,  and 
the  bulk  velocity.  «&.  Two-point  spatial  correlations 
have  been  calculated  from  the  measured  fluctuating 
velocity  Gelds.  Proper  orthogonal  decomposition  (POD) 
has  been  employed  to  calculate  the  eigenvalue  and 
eigenfunctions  of  each  eigenmode  for  the  experimental 
PIV  data.  The  results  show  that  the  eigenfunctions  and 
the  eigenvalue  spectra  in  the  outer  region  of  channel 
flow  when  scaled  by  outer  variables  are  independent  of 
Reynolds  number.  A  few  lower  eigenmodes  are  the  main 
contributors  of  the  turbulent  kinetic  energy  and  turbulent 
intensity  of  the  turbulent  channel  flow. 


L  INTRODUCTION 

The  turbulent  structure  in  the  outer  region  of  a 
flow  past  a  wall  is  not  as  well  understood  as  in  the  near 
wall  region.  The  linear  variation  of  the  characteristic 
length  scale  of  turbulence  with  distance  from  the  wall  in 
the  log-layer  is  an  accepted  concept  in  wall  turbulence. 
However  the  interpretation  of  this  concept  in  terms  of 
turbulence  structure  is  not  established.  It  is  interesting  to 
find  more  experimental  evidence  of  such  behavior  in  the 
log-layer.  This  paper  presents  results  of  a  study  of  the 
structure  of  the  outer  region  of  turbulent  channel  flow, 
with  PIV,  at  much  larger  Reynolds  numbers  than  is 
feasible  in  present  DNS. 

The  PIV  technique  provides  turbulent 
fluctuating  velocity  field  measurements  and  enables  one 
to  study  the  structures  of  turbulent  motion  (Adrian  1991). 
The  Reynolds  numbers  of  present  studies  are  moderate, 
Rtf,  *  5378  and  29935.  The  spatial  resolution  of  PIV  in 
these  two  cases  is  good  enough  to  study  turbulent  scales. 

It  is  not  fine  enough  to  resolve  the  very  small  scales  and 
the  near  wall  region  without  using  higheT  magnification 
in  the  optics.  In  the  present  work  conventional  two- 
dimensional  PIV  is  used  to  study  two  velocity 
components  in  stream  wise  and  wall-normal  directions. 
Sixty  to  one  hundred  PIV  photographs  were  taken  and 
interrogated  for  each  of  the  two  Reynolds  numbers.  The 
fluctuation  Geld  was  calculated  for  each  realization. 
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Observations  of  these  flow  Gelds  through  low-pass 
filtering  show  that  in  the  outer  region  large  scale 
motions  are  associated  with  large  turbulent  kinetic 
energy  and  Reynolds  stress  events.  Their  dimensions  are 
about  1/4  of  the  channel  height  in  wall  normal  direction 
and  over  2  channel  heights  in  the  flow  direction. 

Two-point  correlation  functions  over  a  wide 
region  can  be  calculated  directly  from  PIV  data.  Since 
two-point  correlations  contain  important  information 
about  the  coherent  structures  of  turbulent  flow  Geld,  it  is 
attractive  to  pursue  proper  orthogonal  decomposition 
(POD),  an  elegant  technique  to  decompose  turbulent  flow 
Geld,  using  two-point  correlation  data  to  study  turbulent 
structures.  The  detail  description  of  POD  can  be  found  in 
Lumley  (1967,  1981)  and  a  recent  review  paper  by 
Berkooz  et  at  (1993).  The  results  of  the  present 
investigation  on  flows  at  two  different  Reynolds 
numbers  indicate  that  in  the  outer  region  of  wall 
turbulent  flow  both  eigenfunctions  and  eigenvalue 
spectra  do  not  change  with  Reynolds  number  if  scaled 
with  outer  variables.  The  low  modes  are  energetic  and  can 
be  associated  with  the  large  scale  motions. 


2  TURBULENT  CHANNEL  FLOW 

The  experimental  research  was  carried  out  in  a 
flat-wall,  closed-flow  loop  water  channel  with  a 
rectangular  cross  section  of  48.75  mm  high  (y).  609.6 
mm  wide  (z)  and  15.24  m  long  (x).  The  test  section  was 
located  200  channel  heights  downstream  from  the 
entrance,  where  the  flow  was  fully  developed.  Tap  water, 
cleaned  with  3  pm  filters,  was  used  as  test  fluid  to  fill  the 
channel.  The  test  section  had  55  cm  x  15  cm  optical 
windows  on  both  sides  and  a  10.5  cm  x  15  cm  optical 
window  on  the  top,  which  allowed  a  laser  light  sheet  to 
illuminate  a  normal  plane  of  the  flow  and  a  camera  to 
record  the  flow  velocity  Geld.  The  temperature  of  the 
fluid  in  channel  was  controlled  during  experiments  to 
maintain  constant  flowrate  for  all  runs.  A  sketch  of  the 
channel  is  shown  in  Fig.l.  A  detailed  description  is 
given  in  a  thesis  by  Niederschulte  (1989). 

The  choice  of  seed  particles  is  an  essential 
factor  for  a  good  recording,  and  it  leads  to  results  with 
high  accuracy.  They  should  be  small  enough  to  follow 


the  fluid  and  large  enough  to  provide  strong  light 
scattering  from  the  laser  light  sheet  (Adrian  1991)  . 
Aluminum  oxide  particles  of  9.5  micron  nominal  size 
were  chosen  based  on  these  considerations  and  were 
seeded  in  the  fluid  at  a  concentration  of  approximate  IS 
particles  per  mm^. 

test  section 


Fig.  1  Turbulent  channel  flow  system 


Fig.  2  PIV  optical  setup 

An  Apollo  ruby  laser  of  model  22HDX  with 
double  pulses  of  2J  of  energy  each  was  employed  as  the 
light  source.  The  time  duration  was  30  ns  for  each  pulse. 
The  optical  system  used  in  this  study  is  sketched  in  Fig. 

2.  The  light  sheet  forming  optics  are  composed  of  a 
cylindrical  lens  with  100  mm  focal  length  and  a 
spherical  lens  with  787.5  mm  focal  length.  It  provides 
an  illuminated  region  0.8  mm  thick  in  the  spanwise 
direction  and  approximate  120  mm  wide  in  streamwise 
direction  in  the  flow.  Double  images  of  particles  were 
photographed,  using  a  4  x  5  inch  format  camera  with  a 
tfi  Schneider  lens,  and  recorded  on  Kodak  4415  film  with 
a  magnification  of  0.97.  The  diffraction  limited  particle 
image  size  was  approximately  32  pm.  The  maximum 
errors  in  this  system  due  to  the  refractive  index  of  water 
and  due  to  a  perspective  effect  (Adrian  1991)  are  0.17% 
and  0.6%,  respectively,  of  the  bulk  velocity  over  the 
entire  recorded  flow  field,  which  are  small  and 
acceptable.  The  experimental  techniques  have  been 
detailed  previously  in  Liu  el  al  (1991). 

Experiments  were  performed  at  Reynolds 
number  Re*  *  v  =  5378  and  29935,  where  is  the 
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bulk  velocity,  h  is  the  half  channel  height  and  v  is  the 
kinematic  viscosity.  They  correspond  to  /?eT=  uv h/v  = 
315  and  1414,  respectively,  where  uT=(r wlp)^1^  is  the 
friction  velocity  calculated  using  measurements  of  bulk 
velocity  and  Dean's  correlation  of  the  friction  coefficient 
(Dean  1978).  The  viscous  length  scales,  v/ur,  were  77.5 
pm  and  17.2  pm  for  these  two  Reynolds  numbers.  The 
bulk  velocities  of  these  two  cases  were  212  minis  and 
1074  mm/s.  The  pulse  separations  of  the  laser  pulses 
were  determined  from  bulk  velocity  to  be  1.2  ms  and 
0.24  ms,  to  allow  the  mean  displacement  of  a  particle- 
image  pair  to  be  approximately  0.25  mm.  a  quarter  of  the 
interrogation  spot  size,  thereby  satisfying  the  'one- 
quarter  rule'  for  double-pulsed  autocorrelation  PIV  to 
achieve  a  high  detection  rate  during  interrogation 
(Keane  and  Adrian  1990). 


3.  PIV  MEASUREMENTS 

The  analyses  of  PIV  photographs  were  carried 
out  with  an  interrogation  system,  described  by  Meinhart 
et  al  (1993),  which  contains  a  host  workstation.  SUN 
4/370,  with  eight  high-speed  Mercury  array  processors, 
MC860.  A  Videk  Megaplus  CCD  camera  with  1320  x 
1035  pixels  of  resolution  was  used  to  acquire  images 
from  interrogation  spots.  An  Imaging  Technology  VSI- 
150  frame  grabber  digitizes  the  images  at  a  frequency  of 
20  MHz.  This  system  can  calculate  over  100  velocity 
vectors  in  a  second.  It  takes  2  to  3  minutes  to  interrogate 
one  PIV  photograph.  A  single-frame  double-exposure 
cross -correlation  technique,  which  significantly 
improves  the  signal -to-noise  ratio  over  autocorrelation 
(Keane  and  Adrian  1992).  was  used  to  interrogate  60  to 
100  PIV  photographs  for  each  Reynolds  number.  The 
sizes  of  the  first  and  second  windows  of  cross-correlation 
were  128  pixels  and  64  pixels  in  streamwise  and  normal 
directions  respectively.  The  size  in  normal  direction 
with  stronger  velocity  gradient  is  chosen  half  of  that  in 
streamwise  direction  in  order  to  reduce  errors  due  to  the 
strong  wall-normal  velocity  gradient.  The  offset  of  two 
windows  was  set  to  be  28  pixels  at  first  to  match  the 
displacement  of  the  image  pair.  It  was  adaptively 
adjusted  during  interrogation  to  follow  the  change  of  the 
local  displacements  of  image  pairs.  The  dimensions  of 
interrogation  spot  were  Ax=1.6  mm.  dy=0.8  mm  and 
dr=0.8  mm  in  the  fluid,  which  form  a  interrogation  spot 
volume  of  1.024  mm^.  It  then  contains  about  IS 
particles  in  this  volume  and  satisfies  the  requirement  of 
obtaining  a  valid  detection  probability  at  least  90% 
(Keane  and  Adrian  1990). 

The  raw  vectors  after  interrogation  were  cleaned 
up  with  an  automatic  post-interrogation  procedure  that 
replaced  bad  vectors  with  alternatives  from  other 
correlation  peak  measurements.  A  gaussian  low-pass 
filter  with  a  width  of  0.75  grid  size  was  used  to  remove 
noise  present  in  the  vector  Held.  The  ensemble-averaged 
velocity  of  the  flow  field  was  computed  by  averaging  the 
measured  velocity  vectors  along  line  of  constant  y  in  all 
PIV  photographs.  Turbulent  fluctuation  is  obtained  by 
subtracting  the  total  velocity  field  from  the  ensemble 


mean  velocity.  Fig.  3a  and  3b  show  two  instantaneous 
turbulent  fluctuating  velocity  fields  for  Ref,  =  S378  and 
29935.  The  coordinates  in  the  figures  are  in  viscous  wall 
units.  The  flow  direction  is  from  left  to  right.  For  low  or 
high  Reynolds  numbers  the  center  line  of  the  flow  is  at 
yc*  ■  315  or  1414  and  the  first  grid  point  from  the  lower 
wall  is  at  >7+=  5.3  or  23.8.  The  resolution  is  (Ax+,  Ay+. 
Az+)  =  (20.6.  10.3.  10.3)  or  (93.0.  46.5.  46.5)  in  terms 
of  wall  unit,  and  (Axlh,  Ay/h,  Azlh)  =  (0.065,  0.032, 
0.032)  in  terms  of  the  outer  length-scale  for  both 
Reynolds  numbers.  The  resolution  in  the  y-direction  for 
the  high  Reynolds  number  was  not  enough  to  resolve  the 
buffer  layer  region  and  very  small  scales. 


Fig.  3  Fluctuating  velocity  fields  of  channel  flow 
obtained  from  PIV  measurements.  The  bottom  wall  is 
located  at  y+=0  and  top  borders  of  the  vector  maps  are 
close  to  the  upper  wall  of  the  channel,  (a)  Ref,  =  5378, 
(b)  Ref,  »  29935. 

As  seat  in  previous  PIV  studies  in  the  same 
channel  in  a  stream  wise- normal  plane  at  a  low  Reynolds 
number  Rtf,  *  2872  by  Liu  el  al  (1991),  the  most 
frequently  appearing  structures  in  almost  every  PIV 


realization  in  the  region  of  y+  <  100  are  low  momentum 
fluid  moving  away  from  the  wall  and  high  momentum 
fluid  moving  toward  the  wall.  These  motions  could  be 
related  to  ejection  and  sweep  events.  They  meet  together 
and  create  a  sharp  shear  layer  inclined  to  the  wall  with  an 
angle  of  less  than  45®.  The  shear  layer  can  be  caused  to 
roll  up  at  downstream  by  down  coming  fluid  from  the 
outer  region  to  form  a  spanwise  vortex.  This  kind  of 
coherent  structure  can  also  be  found  in  flow  fields  at  Ref, 
=  5378  and  29935.  but  not  very  often.  The  most  striking 
structures  of  flows  at  moderate  Reynolds  numbers  are  the 
large  scale  stream  wise  motions  with  low  momentum  fluid 
or  with  high  momentum  fluid.  Studies  of  low-pass 
filtered  fields,  show  that  these  large  structures  are 
associated  with  the  production  of  large  amount  of 
turbulent  kinetic  energy  and  Reynolds  stress  (Hanratty  el 
al.  1993).  The  dimensions  of  these  events  are  roughly 
independent  of  Reynolds  number;  they  extend  ova  about 
1/4  of  the  channel  height  in  the  log-laya  in  the  normal 
direction  and  over  two  channel  heights  (beyond  the 
photograph)  in  streamwise  direction.  They  are  scaled 
with  the  outer  length  scale  and  do  not  change  much  with 
Reynolds  numbers. 

Two-point  spatial  correlations,  Rfjfy.y')  and 
Rijfrx.y.y')  ,  were  computed  for  two  Reynolds  numbers, 
whae  rx,  y.y  are  the  space  separations  between  two 
points  in  x -direction  and  their  y-loca lions,  i,  j  =  u  or  v. 
Figure  4  shows  the  two-point  correlation  coefficients  of 
Ruu(y-y  )  with  rx  -  0  for  Rejj  =  5378.  Three  curves  are 
plotted  for  the  fixed  point  at  3  locations,  y'lh  =  0.114, 
0.476,  0.50.  The  abscissa  is  y/h,  the  locations  of  the 
other  point.  Contours  of  correlations  RUu(rx,y,y')  are 
plotted  in  Fig.  5a  for  Ref,  =  5378  and  Fig.  5b  for  29935. 
The  fixed  points  we  at  y'lh  =  0.25  and  on  the  ordinate 
we  locations  of  the  other  points.  The  positive  or 
negative  rxlh  indicate  the  other  point  to  be  in  the 
downstream  or  upstream  side.  These  figures  show  that  the 
dimension  of  the  cohaent  motion  is  quite  lwge  and 
consistent  with  observations  from  filtaed  fluctuating 
velocity  fields.  It  is  interesting  to  note  that  the  strong 
correlations  appew  to  incline  forward  from  the  wall  at  an 
angle  of  approximately  10®  and  that  the  correlations 
with  uppa  half  channel  flow  become  slightly  negative, 
as  can  be  seen  in  Fig.  4  also. 


4.  PROPER  ORTHOGONAL  DECOMPOSITION  OF 
TURBULENT  CHANNEL  FLOW 

The  proper  orthogonal  decomposition  was 
proposed  by  Lumley  (1967)  in  an  effort  to  extract 
coherent  structures  in  turbulent  flows  with  objective 
definition.  The  structure  is  selected  when  it  has  the 
lwgest  mean  squwe  projection  on  the  turbulent  velocity 
field.  This  results  in  an  eigenvalue  problem,  a  Fredholm 
integral  equation  whose  kernel  is  the  two-point 
correlation  tensor  of  the  turbulent  velocity  field.  The 
solution  of  the  equation  is  an  orthonomal  set  of 
deterministic  eigenfunctions  which  are  empirical  and 
associated  with  cohaent  structures.  It  is  believed  that,  if 
a  structure  contributes  a  majority  of  the  turbulent  kinetic 
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energy  or  Reynolds  stress,  it  will  dominate  the  two- 
point  correlation  statistics  in  an  average  sense. 
Therefore,  information  about  the  structure  will  be 
retained  in  the  correlation  tensor. 


Fig.  4  Two-point  correlation  coefficients, 
*uu(y.yy*rms(y)  *rms(y')*R‘h  =  5378. 

The  two-point  correlation  tensor  was  calculated 
from  the  PIV  measurements  as  mentioned  above.  Since 
the  realizations  studied  here  are  only  two-dimensional 
the  eigen-equation  can  be  solved  for  only  two 
components  of  eigenfunction.  For  the  first  step  the  one¬ 
dimensional  (the  inhomogeneous  y-  dimension  only) 
POD  was  performed  in  a  domain  of  half  channel  height 
for  two  Reynolds  numbers  using  the  computed 
correlation  tensor  of  each  component  (Liu  at  al,  1994). 

The  eigen-equation  reads: 

fciyJW'VW*  W\y)-  o> 

where 

*ii(y,  y')  =  <  "i (x.y.zj)  utfx.y'jj)  >.  i=u  or 

V. 

*i<”><y)  is  the  n1*1  order  eigenfunction  with  an 
eigenvalue  of  An-  The  eigenvalues  represent  the  energy 
associated  with  the  corresponding  eigenmodes.  They  are 
ordered  so  that  ^  An+/  lowest  eigenmode  will 
contribute  the  largest  energy  to  the  flow  field.  Based  on 
this  modal  decomposition  in  the  eigenfunctions  a 
velocity  field  that  is  a  member  of  the  ensemble  can  be 
reconstructed: 

•gxj)*Zn*n(x)tfn>(j).  (2) 

The  coefficient  an  can  be  evaluated  using  the 
orthogonality  of  the  eigenfunction  set  and  the 


realization  itself.  The  total  turbulent  kinetic  energy  and 
Reynolds  stress  of  the  flow  field  can  also  be  calculated 
by  a  diagonal  decomposition: 

<  ui  2<x.y.z.t)  >  =  In  A„  ltfnk y)l2 ■  (3) 

<  ui(x.y.t,t)  u/x.y.u)  >  -  Z„  Xn  4>{nHy)  <p/nHy) 

(4) 

(a) 

y/h 
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Fig.  5  Contours  of  two-point  correlation  functions. 
Ruu(rx-yY)-  *l  R*h  -  5378  (a)  and  29935  (b).  Solid  line 
contours  are  positive  and  dash  line  contours  are 
negative. 

When  the  decomposition  is  done  for  two 
velocity  components  the  phases  between  eigenfunctions 
of  two  components  are  obtained.  They  are  needed  when 
carrying  out  calculations  of  the  contributions  to 
Reynolds  stress  from  equation  (4).  Different 
decomposition  domains  can  also  be  selected,  such  as  the 
near  wall  region  or  the  full  channel  height.  If  POD  is 
canied  out  in  two  dimensions,  Fourier  decomposition 
should  be  used  in  the  homogeneous  streamwise  direction, 
since  the  POD  in  the  homogeneous  direction  will  be 
reduced  to  Fourier  decomposition. 
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Fig.  6  and  7  present  the  eigenfunctions  and 
eigenvalue  spectra  of  POD  applied  to  PIV  data  of 
turbulent  fluctuating  fields.  They  are  dimensionalized  by 
outer  layer  length  scale  h  (the  half  channel  height)  and 
the  friction  velocity,  ux  (Liu  el  al.  1994).  Fig.  6a  and  6b 
show  the  <i-  and  v-  components  of  the  eigenfunction  of 
order  n  =  3  for  Ref,  =  5378  and  29935.  The 
eigenfunctions  exhibit  almost  the  same  modal  structure 
in  the  outer  region,  even  though  the  Reynolds  numbers 
are  5.5  times  one  another.  The  u-  eigenfunctions  are 
clearly  dependent  on  Reynolds  number  in  the  near  wall 
region.  The  modal  orders  n  are  related  to  a  sequence 
defined  as  the  number  of  the  zero  crossings  of  the 
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Fig.  6  One-dimensional  eigenfunctions  of  u-  component 
(a)  and  v-  component(b)  at  Re),  =  5378  (circles)  and 
29935  (squares). 


eigenfunction  in  the  domain  and  are  equal  to  the  number 
of  half-cycles  in  the  domain  h.  Fig.  7  presents  the 
eigenvalue  spectra  for  two  Reynolds  numbers.  The 
similarity  of  low  modes  at  different  Reynolds  numbers  is 
evident.  They  are  independent  of  Reynolds  number.  The 
spectrum  of  high  modes  for  high  Reynolds  number  is 
much  broader  than  for  the  low  Reynolds  number.  It 
shows  significant  Reynolds  number  effect  on  high 
modes.  These  results  provide  a  credible  test  of  the 
conjecture  made  by  Chambers  el  al  (1988)  in  the  study  of 
spectra  of  Bergers  equation  that  the  real  turbulence  might 
also  obey  a  generalized  law  of  Reynolds  number 
similarity.  At  the  high  mode  numbers  shown  in  Fig.  7 
the  high  Reynolds  number  spectrum  starts  to  drop  down, 
possibly  because  the  resolution  in  the  PIV 
measurements  is  not  fine  enough. 


tl 


Fig.  7  Eigenvalue  spectra  of  one-dimensional  POD  at 
Re),  =  5378  (circles)  and  29935  (squares). 

The  dominant  eigenmode  contributes  a  large 
portion  of  the  total  turbulent  kinetic  energy  and  the 
Reynolds  stress.  The  eigenmode  of  lowest  order  carries 
35%  of  the  total  energy  and  61%  of  Reynolds  stress  for 
Re),  =  5378,  and  40%  of  total  energy  and  48%  of 
Reynolds  stress  for  Re),  =  29935.  Figure  8  demonstrates 
the  contribution  of  eigenmodes  to  turbulent  kinetic 
energy  at  Re),  =  5378.  Term  N  is  the  number  of  the  first 
low  modes  involved.  It  can  be  seen  that  the  first  five  low 
eigenmodes  carry  74%  and  the  first  twelve  low  modes 
carry  90%  of  the  total  energy.  The  lower  modes  are  more 
energetic  and  have  less  zero  crossings.  They  could  be 
associated  with  the  streamwise  large  scale  motions 
observed  from  PIV  fluctuating  velocity  fields  (Hanratiy 
et  al  (1993).  The  results  agree  well  with  results  at  Rex 
=  180  presented  by  Moin  and  Moser  (1989).  For 
comparison,  the  following  Table  1  lists  the 
contributions  of  the  first  three  eigenmodes  to  the 
turbulent  kinetic  energy  E  and  to  the  Reynolds  stress  P  . 
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Bt  T 

180  •* 

315  * 

1414  * 

A f/E 

0.32 

0.35 

0.406 

X2/E 

0.16 

0.166 

0.145 

Aj/£ 

0.08 

0.0954 

0.0773 

A//A2 

2.0 

2.1 

2.8 

Pf/P 

0.66 

0.61 

0.477 

Table  1.  Contributions  of  the  one-dimensional 
eigenmodes  to  eneTgy  and  Reynolds  stress.  *:  present 
study,  **:  Moin  and  Moser  (1988) 
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Fig.  8  Contributions  of  first  N  lowest  eigenmodes  at  Ref, 
=  5378  to  turbulent  kinetic  energy. 

5.  CONCLUSIONS 

PIV  measurements  of  turbulent  flow  in  a 
channel  have  been  made  in  a  stream  wise-normal  plane  at 
moderate  Reynolds  numbers.  Ref,  =  5378  and  29935, 
corresponding  to  Rex  =  315  and  1414.  Most  of  the 
fluctuating  velocity  fields  show  streamwise  large  scale 
motions  with  a  length  scale  of  over  two  channel  heights 
in  streamswisc  direction  and  approximately  a  quarter  of 
the  channel  height  in  normal  direction.  Two-point 
correlations  were  computed  from  ensembles  of  the 
fluctuation  fields  for  two  Reynolds  numbers.  The 
contours  of  correlation  support  observations  of  length 
scale  of  large  scale  motions  seen  in  the  fluctuating 
velocity  fields  . 

The  proper  orthogonal  decomposition  of  two- 
dimensional  PIV  data  has  been  successful.  The  present 
results  are  consistent  with  those  from  DNS  data  (Moin 
and  Moser  1989,  Sirovich  et  al  1991).  The  one¬ 
dimensional  POD  results  presented  in  this  paper 
substantiate  the  conjecture  that  the  real  turbulence  obeys 
a  generalized  law  of  Reynolds  number  similarity  made  by 
Chambers  et  al  (1988).  It  will  be  important  that  one  can 


predict  the  similar  behavior  of  modal  structures  over  a 
large  Reynolds  number  range. 

The  dominant  eigenmode  contributes  a  large 
amount  of  turbulent  kinetic  energy  and  Reynolds  stress. 
A  few  of  the  lower  eigenmodes  dominate  the  energy  and 
turbulent  production.  They  could  be  associated  with  the 
observations  of  streamwise  large  scale  motions.  The 
results  of  contributions  from  first  three  eigenmodes  to 
total  turbulent  kinetic  energy  and  Reynolds  stress  agree 
well  with  those  published  by  Moin  and  Moser  (1989). 
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ABSTRACT 

A  miniaturised  fibre  optic  Laser-Doppler  anemometer  and  a 
differential  pressure  transducer  were  used  to  carry  out  detailed 
hydrodynamic  measurements  in  a  fully  developed  turbulent  pipe 
flow  with  0.4%  to  0.6%  by  weight  shear-thinning  aqueous 
solutions  of  a  methylhydroxil  cellulose  of  molecular  weight 
equal  to  6.000  kg/kmole  (Tylose  MH  10000K  from  Hoechst). 

In  spite  of  undetectable  elasticity  in  oscillatory  and  creep 
flow  tests  and  of  their  low  molecular  weight,  these  solutions 
exhibited  drag  reductions  of  up  to  35%  relative  to  a  newtonian 
fluid  flow  at  the  same  wall  Reynolds  number,  and  of  about  25% 
relative  to  the  inelastic  shear-thinning  friction  correlation  of 
Dodge  and  Metzner  (1959)  at  the  same  generalised  Reynolds 
number,  respectively. 

The  low  molecular  weight  polymer  solutions  were  also 
observed  to  delay  transition  from  the  laminar  to  the  turbulent 
regime  as  intensively  as  reported  before  by  Pinho  and  Whitelaw 
(1990)  with  heavier  and  more  elastic  solutions  of  cellulose,  and 
we  may  tentatively  conclude  that  this  transition  delay  is  a  shear¬ 
thinning  rather  than  an  elastic  effect. 


1.  INTRODUCTION 

In  the  past  the  investigation  of  non-Newtonian  wall- 
dominated  flows  has  been  mostly  concerned  with  the  study  of 
the  drag  reduction  phenomena  and  the  understanding  of  the 
effects  of  elasticity  and  variable  viscosity  on  their  turbulent 
characteristics,  but  the  fluids  under  scrutiny  normally  were 
made  with  additives  of  molecular  weight  over  10^  kg/kmole 
(Berman  (1978),  Allan  et  al  (1984)  at  very  dilute 
concentrations.  More  recently  Pinho  and  Whitelaw  (1990)  and 
Escudier  et  al  (1992)  investigated  the  turbulent  pipe  flow  of 
shear-thinning  polymer  solutions  with  viscosity  power  law 
indices  between  0.39  and  0.90  which  also  showed  drag 
reduction  and  the  validity  of  Virk's  asymptote  for  variable 
viscosity  fluids. 

Elasticity  in  turbulent  pipe  flow  manifests  itself  in  a 
reduction  of  the  friction  coefficient,  and  according  to  Hinch 
(1977).  Tabor  et  al  (1989)  and  more  recently  Kostic  (1994) 
amongst  others,  this  is  related  to  a  strong  strain  imposed 
elongation  of  the  molecules  and  its  effect  on  the  extensional 
viscosity,  thus  leading  to  an  anisotropic  viscosity.  Therefore,  it 
is  logic  to  expect  that  small  light  molecules  may  be  inelastic  and 
will  show  no  drag  reduction.  The  experiments  of  Lodes  and 
Macho  (1989)  with  aqueous  solutions  of  a  19.000  kg/kmole 
partially  saponificated  polyvinylacetate  with  different  degrees 


of  hydrolysis  have  reported  drag  reductions  close  to  the 
maximum  predicted  by  Virk's  asymptote  (Virk  et  al.  1970),  but 
did  not  report  any  turbulence  field  data,  and  the  authors 
speculated  on  a  different  origin  for  the  elastic  behaviour  of  the 
fluid  without  proper  evidence.  Therefore,  the  purpose  of  this 
work  is  to  investigate  the  turbulent  characteristics  of  shear¬ 
thinning  fluids,  of  molecular  weight  lower  than  10,000.  in  a 
pipe  flow. 


2.  EXPERIMENTAL  SET  UP 

The  flow  configuration,  fully  described  in  Pereira  (1993). 
consisted  of  a  long  26  mm  inside  diameter  vertical  pipe  with  a 
square  outer  cross  section  to  reduce  diffraction  of  light  beams. 
The  fluid  circulated  in  a  closed  circuit,  pumped  from  a  100  litre 
tank  through  90  diameters  of  pipe  to  the  transparent  acrylic  test 
section  of  232  mm  of  length,  and  a  further  27  diameters  down 
back  to  the  tank,  with  the  flow  controlled  by  two  valves.  A  100 
mm  long  honeycomb  was  located  90  diameters  upstream  of  the 
test  section  to  help  to  ensure  a  fully  developed  flow  in  the  plane 
of  the  measurements. 

Four  pressure  taps  65  mm  apart  were  drilled  in  the  test 
section  and  the  upstream  pipe  and  were  used  for  the  pressure 
loss  measurements.  Equal  longitudinal  pressure  gradients  were 
measured  between  any  two  consecutive  taps,  thus  ensuring  that 
the  connection  between  the  brass  pipe  and  the  lest  section  was 
well  done  and  within  the  machining  tolerances  of  ±  10  pm.  and 
caused  no  detectable  harm  to  the  flow  condition.  This,  together 
with  equal  velocity  measurements  at  two  different  far  apart 
within  the  lest  section,  confirmed  a  fully  developed  flow 
situation  there. 

The  pressure  drop  was  measured  by  means  of  a  differential 
pressure  transducer  from  Rosemount.  model  1151  DP  3S  and  its 
output  was  sent  to  a  computer  via  a  data  acquisition  board 
Metrabyte  DAS-8  interfaced  with  a  Metrabyte  ISO  4 
multiplexer,  both  from  Keithley.  The  overall  uncertainty  of  the 
pressure  measurements  was  less  than  1.2  Pa.  which  is  about 
1.6%  and  5%  for  high  and  low  pressure  differences, 
respectively. 

A  fiber  optic  laser-Doppler  velocimeter  from  INVENT, 
mudel  DFLDA  was  used  for  the  velocity  measurements,  with  a 
30  mm  probe  mounted  on  the  optical  unit.  Scattered  light  was 
collected  by  a  photodiode  in  the  forward  scatter  mode,  and  the 
main  characteristics  of  the  anemometer  are  listed  in  table  I  and 
described  by  Stiegimeier  and  Tropea  (1992).  The  signal  was 
processed  by  a  TSI  1990C  counter  interfaced  with  a  computer 
via  a  DOSTEK  1400  A  card,  which  provided  the  statistical 
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quantities.  The  data  presented  in  this  paper  has  been  corrected 
for  the  effects  of  the  mean  gradient  broadening  and  the 
maximum  uncertainties  in  the  axial  mean  and  rms  velocities  at  a 
95%  confidence  level  are  of  2%  and  3.1%  on  axis  respectively, 
and  of  2.8%  and  7.1%  in  the  wall  region.  The  uncertainty  of  the 
radial  and  tangential  rms  velocity  components  is  4.1%  and  9.4% 
on  axis  and  close  to  the  wall,  respectively. 

The  velocimeter  was  mounted  on  a  milling  table  with 
movement  in  the  three  coordinates  and  the  positional 
uncertainties  are  of  ±  200  and  ±  150  pm  in  the  axial  and 
transverse  directions,  respectively. 

_ Table  1  -  Laser-Doppler  characteristics 


Laser  wavelength  827  nm 

Laser  power  1 00  m W 

Measured  half  angle  of  beams  in  air  3.68 

Size  cf  measuring  volume  in  water  at  e'2  intensity 

minor  axis  37pm 

major  axis  550pm 

Fringe  spacing  6.44pm 

Frequency  shift  2.5  vMz 


3  FLUID  PROPERTIES 

Aqueous  solutions  of  a  methil-hydroxil  cellulose  from 
Hoechst,  Tylose  MH  10000K.  with  a  molecular  weight  of  6,000 
kg/Kmole  were  investigated.  Prior  to  the  hydrodynamic 
measurements,  the  0.4%,  0.5%  and  0.6%  by  weight 
concentration  Tylose  solutions  were  characterised  for  their 
transparency,  viscometric  viscosity,  dynamic  viscosity,  creep 
compliance  and  resistance  to  degradation.  The  biocide  Kathon 
LXE  from  Rohm  and  Haas  was  added  at  0.02%  by  weight  to 
prevent  bacteriological  deterioration  and  the  solutions  were 
prepared  with  tap  water. 

The  rheological  characterisation  of  the  fluids  was  carried 
out  in  a  rheometer  from  Physica.  model  Rheolab  MC  20,  made 
up  of  an  universal  measurement  unit  UM/MC  fitted  with  a  low 
viscosity  double-gap  concentric  cylinder  system  and  a  cone- 
plate  system.  The  rheometer  could  be  both  stress  and  shear  rate 
controlled  and  viscosities  up  to  the  maximum  shear  rate  of  5230 
s'*  could  be  measured,  with  an  uncertainty  of  less  than  3.5%. 

The  viscometric  viscosity  of  the  three  solutions  at  25®C  are 
plotted  in  figure  1  together  with  the  fitted  CarTeau  viscosity 
model  and  its  parameters  are  listed  in  Table  Q. 

M  =  PO  [l  +(*.y)2]  2  (1) 


Table  II-  Parameters  of  the  Carreau  model  for  the  viscosity  of 
the  Tylose  MH  10000K  solutions  at  25*  C. 


Concentration 

MO  [Pa  s] 

Ms| 

n 

7  (s'  ] 

04% 

0.0208 

0.0047 

0.725 

6.1  a  4031 

0.5% 

0.0344 

0.005 

0.660 

6.1  a  4031 

0.6% 

0.0705 

0.0112 

0.637 

6.1  a  4031 

The  fluids  circulated  in  the  rig  for  periods  of  less  than  21 
hours,  during  which  the  viscometric  viscosity  decreased  by  10% 
due  to  the  mechanical  deterioration.  The  resistance  to 
mechanical  degradation  of  Tylose  was  three  times  longer  than 
the  lifetime  of  the  CMC  solutions,  of  molecular  weight  of 
300.000.  used  by  Pinho  and  Whitelaw  (1990).  under  similar 
conditions. 


The  oscillatory  and  creep  tests  that  were  carried  out  could 
not  detect  any  elasticity  within  the  instrument  accuracy. 

p(Pa.s) 


Figure  1-  Viscosity  and  ajusted  Carreau  model  to  the  25  C 
Tylose  solutions  data.  O-  0.4%;  x-0.5%  and  A-  0.6%. 


4.  RESULTS  AND  DISCUSSION 

Figures  2  and  3  show  the  Darcy  skin-friction  coefficient 
(fD=2ApD/pUb2L)  versus  generalised  and  wall  Reynolds 
numbers  respectively,  and  illustrates  the  behaviour  of  the  non- 
Newtonian  solutions  under  laminar,  transitional  and  turbulent 
flow  conditions.  The  use  of  the  generalised  Reynolds  number, 
as  defined  by  Dodge  and  Metzner  (1959),  is  appropriate  in 
laminar  flow  and  collapses  the  experimental  data  on  the 
Newtonian  relationship  fp=64/Regen  within  the  experimental 
uncertainty  (figure  2).  The  Darcy  friction  (fp)  coefficient  law 
for  inelastic  shear-thinning  fluids  based  on  the  generalised 
Reynolds  number  (equation  2).  is  also  included  for  comparison 
and  shows  that  a  drag  reduction  exists  for  the  Tylose  solutions. 


0.2 

'n12  <2) 

However,  for  the  turbulent  regime  the  wall  viscosity  is  a 
preferred  parameter  to  define  the  Reynolds  number,  because  it 
is  in  the  wall  region  that  viscous  forces  are  most  important.  The 
same  data  of  figure  2  is  plotted  again  in  figure  3  using  the  wall 
Reynolds  number  together  with  the  newtonian  Prandtl-Karman 
law  and  Virk's  (1975)  maximum  drag  reduction  asymptote.  The 
newtonian  data  is  consistent  with  previous  results  and  confirms 
that  the  flow  is  close  to  being  fully  developed  at  high  Reynolds 
numbers.  Although  not  conclusive,  the  drop  of  the  ratio  of 
centreline  to  bulk  velocity  (U0/Ub)  with  Reynolds  number  of 
figure  4  indicates  that  the  flow  condition  is  fully  developed,  or 
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close  to  it,  for  tbe  maximum  flow  rate  with  the  various  polymer 
solutions. 


Figure  2-  Darcy  friction  factor  versus  generalised  Reynolds 
number.  X  Water,  O  Tylose  0.4%,  A  Tylose  0.5%  and  A  Tylose 
0.6%.  n  -  viscosity  power  law  index. 


Figure  3-  Darcy  friction  factor  versus  wall  Reynolds  number. 
X  W tier,  O  Tylose  0.4%,  A  Tylose  0.5%  and  A  Tylose  0.6% . 


Figures  2  and  3  clearly  emphasize  Ihe  main  conclusion  of 
this  work;  in  spite  of  the  very  low  molecular  weight  of  Tylose 
the  aqueous  solutions  of  this  polymer  exhibit  drag  reduction  and 
this  is  consistent  with  the  mean  velocity  profiles  in  wall 
coordinates  shown  below.  The  reduction  of  the  friction  factor  is 
not  a  consequence  of  the  shear-thinning  characteristic  of  the 
polymer  solutions,  as  can  be  seen  in  the  comparisons  figure  2 
with  Dodge  and  Metzner  (1959)  friction  law  for  inelastic  shear  - 
thinning  fluids.  Maximum  drag  reductions  of  30%  to  over  35% 
were  measured  relative  to  a  newtonian  flow  at  constant  wall 
Reynolds  number  for  the  0.4  and  0.6%  Tylose  solutions,  which 
corresponded  to  about  20  to  27%  if  compared  on  the  basis  of  a 
constant  generalised  Reynolds  number.  Tbe  drag  reduction  of 
Tylose  was  about  half  that  reported  to  occur  with  the  low 
elasticity  shear-thinning  high  molecular  weight  CMC  solutions 
of  Pinho  and  Whitelaw  (1990)  which  reached  Virk's  asymptote. 
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Figure  4-  Ratio  of  centreline  to  bulk  velocity  versus  generalized 
and  wall  Reynolds  number  for  X  Water.  O  Tylose  0.4%.  A 
Tylose  0.5%  and  A  Tylose  0.6%. 


Local  measurements  of  the  mean  velocity  and  of  the  root- 
mean-square  of  the  velocity  fluctuations  of  the  0.4%  by  weight 
Tylose  MH  10000K  solution  are  shown  in  figures  5  to  7  which 
include  some  non-newtonian  data  taken  from  Pinho  ant* 
Whitelaw  (1990)  concerning  aqueous  solutions  of  CMC  (sodium 
carboxymethil  cellulose)  grade  7H4C  from  Hercules,  with  a 
molecular  weight  of  around  3xl0-\  i.e..  about  50  times  heavier 
than  the  Tylose  solutions  used  in  this  work. 

Tbe  axial  mean  velocity  profile  of  the  0.4%  Tylose  at  a 
Reynolds  number  of  3,030  in  figure  5  is  clearly  not  turbulent. 
The  flow  at  the  Reynolds  number  of  4.920.  in  spite  of  a  low 
value  of  the  ratio  Uo/Uj,  in  figure  4  and  the  mean  velocity 
profiles  of  figures  5  and  6  which  could  indicate  turbulent  flow, 
does  not  seem  to  be  under  such  flow  condition  as  the 
exceedingly  high  velocity  fluctuations  of  figures  7a)  to  c) 
suggest.  For  this  flow  condition  the  turbulence  is  much  higher 
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than  that  for  higher  Reynolds  numbers,  and  this  can  be 
associated  with  flow  intermittency.  Normal  Reynolds  stresses  are 
known  to  increase  gradually  with  the  decrease  in  Reynolds 
number.  Wei  and  Willmarth  (1989),  but  for  this  low  Reynolds 
number  range  (he  variations  should  not  be  so  intense  as  observed 
here,  unless  the  flow  is  within  a  transitional  condition  with 
intermittency  contributing  decisively  to  turbulence  broadening. 
Actually  this  seems  to  be  the  case  here  as  confirmed  in  figure  4 
which  shows  a  delayed  transition  with  the  non-newtonian  fluids, 
a  behaviour  beautifully  investigated  by  Wojs  (1993). 
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Figure  5-  Axial  mean  velocity  profile  in  physical  coordinates  for 
the  0.4%  Tylose  solutions.  A  Rew=  3030,  O  Rew=  4920,  + 
Rew=  1 1930.  X  Rew=  15400  and  A  Rew=  19570. 


The  axial  mean  velocity  profiles  in  wall  coordinates  of  the 
0.4%  Tylose  solutions  in  figure  6  are  consistent  with  the  drag 
reduction  because  they  are  shifted  upwards  from  the  newtonian 
log  law.  in  a  way  which  is  proportional  to  the  drag  reduction 
intensity.  This  is  better  understood  from  the  comparison  with  the 
0.1%  and  0.2%  CMC  data  of  Pinho  and  Whitelaw  (1990)  which 
were  reported  to  have  drag  reductions  of  47%  and  64%, 
respectively.  The  more  intense  drag  reductions  of  these  heavy 
polymers  imply  a  larger  shift  from  the  newtonian  log  law  than 
that  of  the  light  Tylose  solutions.  Figure  6  also  shows  that  the 
slope  of  the  velocity  profiles  become  steeper  with  drag 
reduction,  especially  at  higher  values  of  drag  reduction,  close  to 
Virk's  asymptote. 

The  normal  Reynolds  stresses  of  the  Tylose  solutions  have  a 
behaviour  which  is  intermediate  to  the  newtonian  and  the  high 
molecular  weight  and  intense  drag  reducer  CMC  solutions.  The 
axial  component  of  the  Reynolds  stress  of  the  0.4%  Tylose 
solutions  is  not  so  high  close  to  the  wall  as  with  the  0.2%  CMC 
solutions,  the  one  that  is  closer  to  the  0.4%  Tylose  in  terms  of 
viscous  characteristics,  and  at  the  centre  of  the  pipe  the 
turbulence  is  not  so  damped,  as  shown  in  figure  7  a).  Drag 
reduction  is  known  to  intensify  axial  turbulence  close  to  the  wall 
(Allan  et  al  (1984)  and  is  associated  with  a  decrease  of 
transverse  turbulent  transport.  With  drag  reductions  which  are 
intermediate  between  those  of  the  CMC  solutions  and  the 
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Figure  6-  Axial  mean  velocity  profile  in  wall  coordinates  for  the 
0.4%  Tylose  solutions.  O  Rew=  4920,  +  Rew=  1 1930,  X  Rew= 
15400  and  A  Rew=  19570.  From  Pinho  and  Whitelaw  (1990)  -A- 

0.2%  CMC  at  Rew=  18260, -X-  0.2%  CMC  at  Rew=  11770, - 

0.1%  CMC  at  Rew=  16800. 


newtonian  fluid,  it  is  expected  that  the  profiles  of  the  rms 
velocities  reflect  this  behaviour,  as  happens  here.  The  axial 
turbulence  profiles  show  a  small  Reynolds  number  effect  with 
the  flow  at  a  Reynolds  number  of  11,930  having  marginally 
higher  values  than  the  flow  at  a  higher  Reynolds  number. 


Figure  7a)  Axial  rms  velocity  profile  in  physical  coordinates  for 
the  0.4%  Tylose  solutions.  O  Rew=  4920,  ♦  Rew=  11930,  X 

Rew=  15400  and  A  Rew=  19570. - Water  Re=  117500.  From 

Pinho  and  Whitelaw  (1990)  -A-  0.2%  CMC  at  Rew=  18260,-  ■ 
-  0.2%  CMC  at  Rew=  1 1770,  *  0.1%  CMC  at  Rew=  16800. 
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the  0.4%  Tylose  solutions.  O  Rew=  4920.  +  Rew=  11930.  X 
Rew=  15400  and  A  Re^  19570.  Water  Re=  1 17500.  From 
Pinho  and  Whitelaw  (1990)  -A-  0.2%  CMC  at  Rew=  18260.-  ■ 
•  0.2%  CMC  at  Rew=  1 1770.  *0.1%  CMC  at  Rew=  16800. 

The  radial  and  azimuthal  components  of  the  rms  of  the 
fluctuating  velocity  of  the  0.4%  Tylose  fluids  in  figures  7  b)  and 
c)  agree  with  the  previous  observations,  showing  less  dampening 
than  those  of  the  CMC  solutions.  However  there  is  a  major 
difference  between  the  Tylose  and  the  CMC  curves:  although 
intense  dampening  of  the  transverse  turbulence  is  observed  with 
the  Tylose  and  CMC  solutions  in  the  near-wall  region  in  relation 
to  the  water  flows,  in  the  centre  of  the  pipe  there  is  no  reduction 
of  turbulence  with  the  Tylose,  and  in  fact  the  opposite  occurs. 
Radial  and  tangential  rms  velocities  hardly  increase  from  the 
centre  of  the  pipe  to  the  wall,  remaining  almost  constant  within 
80%  of  the  radius,  and  decreasing  only  on  the  final  20%  near  the 
wall.  The  high  radial  and  tangential  turbulence  in  the  center  of 
the  pipe  could  be  due  to  the  reported  delay  in  transition  together 
with  a  Reynolds  number  effect.  This  means  that  Reynolds 
number  and  transitional  effects  with  the  non-newtonian  Tylose 
solutions  occur  over  a  wider  range  of  Reynolds  numbers  than 
with  the  water  flows.  For  the  water  flows  at  Reynolds  numbers 
between  30.000  and  117.500  the  turbulence  profiles  hardly 
change,  and  agree  well  with  data  from  Lawn  (1971)  indicating 
fully  developed  turbulent  flow  in  all  conditions.  Besides,  as 
already  mentioned,  Reynolds  number  effects  with  newtonian 
fluids  are  not  so  intense  as  observed  here  with  the  non-newtonian 
fluids. 

It  is  clear  that  the  effects  of  drag  reduction  on  the  turbulence 
characteristics  of  the  low  molecular  weight  polymers  are 
localised  in  the  wall  region,  whereas  for  the  high  molecular 
weight  solutions  they  span  over  the  whole  pipe,  and  this  effect  is 
not  restricted  to  the  transverse  components  of  turbulence.  In  the 
centre  of  the  pipe  the  axial  component  of  turbulence  of  the 
Tylose  solutions  is  similar  to  the  newtonian  values  whereas  the 
CMC  axial  turbulence  intensity  is  attenuated. 
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Figure  7c)  Azimuthal  rms  velocity  profile  in  physical 
coordinates  for  the  0.4%  Tylose  solutions.  O  Rew=  4920,  + 

Rew=  11930.  X  Rew=  15400  and  A  Rew=  19570.  - Water 

Re=  1 17500.  From  Pinho  and  Whitelaw  (1990)  -A-  0.2%  CMC 
at  Rew=  18260,-  ■  -  0.2%  CMC  at  Rew=  11770.  *  0.1%  CMC 
at  Rew=  16800. 

5.  CONCLUSIONS 

Aqueous  solutions  of  a  very  low  molecular  weight  polymer 
were  Theologically  characterised  to  be  shear-thinning  and 
inelastic  in  creep  and  oscillatory  flows.  In  spite  of  this,  they 
exhibited  drag  reductions  of  up  to  35%  in  a  turbulent  pipe  flow, 
as  compared  to  the  newtonian  friction  law  and  a  delay  in 
transition  proportional  to  the  polymer  concentration. 

The  drag  reduction  was  accompanied  by  a  reduction  of  the 
turbulence,  especially  in  the  transverse  directions.  However, 
these  effects  were  not  so  intense  as  previously  observed  with 
high  molecular  weight  shear-thinning  polymer  solutions  and 
were  mostly  concentrated  on  the  wall  region. 

One  has  to  conclude  from  this  work  that  linear  molecules 
suffer  the  effects  of  elongational  viscosity  increase,  or  any  other 
mechanism  that  causes  turbulent  drag  reduction  and  the  decrease 
of  transverse  turbulence,  even  for  very  small  molecular  sizes. 
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ANNULAR  FLOW  OF  SHEAR  THINNING  LIQUIDS  WITH  CENTREBODY  ROTATION 
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University  of  Liverpool,  Dept  of  Mechanical  Engineering, 
P  O  Box  147,  Liverpool,  L69  3BX,  England. 


SUMMARY 

Radial  distributions  of  the  axial  and  tangential 
components  of  velocity  and  rms  velocity  fluctuations  are 
presented  together  with  friction  factor  versus  Reynolds 
number  (f-Re)  data  for  Newtonian  and  shear-thinning 
liquids  in  laminar,  transitional  and  turbulent  flow  in  an 
annular  geometry  with  a  rotating  centre  body  of  diameter 
ratio  0.506. 

In  all  flow  regimes,  the  global  influence  of  centrebody 
rotation  is  most  apparent  for  the  Newtonian  fluid  where 
the  friction  factor  increases  appreciably  with  rotation 
speed.  The  non-Newtonian  fluids  show  less  of  an  increase 
due  to  rotation  than  the  Newtonian  fluid. 

LDA  measurements  of  the  tangential  velocity  reveal 
three  distinct  regions  across  the  radial  gap  with  a  central 
region  of  almost  constant  velocity  which  diminishes  in 
magnitude  as  the  Reynolds  number  increases. 

Axial  velocity  measurements  show  little  deviation 
from  what  would  be  expected  for  the  case  without 
centrebody  rotation.  In  turbulent  flow  axial  velocity 
fluctuations  show  a  progressive  decrease  with  increasing 
Reynolds  number.  Suppression  of  tangential  velocity 
fluctuations  is  found  for  the  polymeric  liquids,  especially 
at  high  Reynolds  numbers  where  the  influence  of 
centrebody  rotation  is  reduced. 

Over  a  limited  range  of  (low)  Reynolds  number  and 
rotation  speeds,  the  generation  of  Taylor  vortices  produces 
complex  flow  patterns.  Limited  measurements  are 
reported  for  the  vortex  advection  speed. 

1.  INTRODUCTION 

With  the  exception  of  the  very  recent  paper  of  Nouri 
and  Whitelaw  (1993),  no  other  detailed  experimental 
studies  of  the  flow  of  non-Newtonian  fluids  in  an  annulus 
with  centrebody  rotation  have  been  reported.  Wroiiski  and 
Jastrz$bski  (1990  a)  have  used  a  mass-transfer  technique 
to  investigate  the  stability  of  helical  flow  in  concentric 
annular  channels  of  radius  ratio  0.66,  0.8  and  0.86  with 


relatively  high  concentrations  of  carboxymethylcellulose 
(CMC)  and  methylcellulose.  The  same  authors  (1990  b) 
concluded  that  the  mass  transfer  rate  could  be  correlated 
with  the  results  for  Newtonian  liquids  using  a  mean 
apparent  viscosity  value.  There  is  considerably  more 
theoretical  work,  inevitably  confined  to  the  laminar  flow 
regime.  Recent  work  includes  that  of  Bittleston  and 
Hassager  (1992)  and  of  Malik  and  Shenoy  (1991),  both 
concerned  with  generalised  annular  Couette  flow  of  shear¬ 
thinning  liquids.  Of  more  direct  relevance  is  the  paper  of 
Lockett  et  al  (1992),  concerned  with  the  stability  of 
inelastic  non-Newtonian  liquids  in  Couette  flow,  as  well 
as  the  more  extensive  study  of  Lockett  (1992)  which 
considers  the  more  general  situation  of  combined  axial  and 
rotational  motion. 

In  this  paper  we  present  measurements  of  the 
variations  in  flow  structure  with  flowrate  and  rotation 
speed  for  a  Newtonian  liquid  (glucose)  and  two  shear¬ 
thinning  liquids  (CMC  and  Xanthan  gum). 

2.  EXPERIMENTAL  SET  UP 

Measurements  were  carried  out  in  a  5.7m  length  of 
precision-bore  glass  tubing  (100.4mm  ID  ±  0.1  mm)  with 
a  nominally  concentric  thin-walled  stainless  steel 
centrebody  (50.8mm  OD)  giving  a  radius  ratio  of  0.506. 
Rotation  of  the  centrebody  was  provided  by  a  DC  Neco 
motor  and  gearbox,  monitored  by  an  optical  encoder 
giving  a  resolution  of  O.lrpm  and  a  range  of  0-l26rpm. 
Axial  flow  was  provided  by  a  Mono  progressive  cavity 
pump  (max  flowrate  0.025m5/s),  supplied  by  a  500f 
stainless  steel  tank.  Three  accumulators  located 
immediately  after  the  pump  outlet  functioned  to  remove 
pulsations  in  the  flow  prior  to  the  test  section.  Volumetric 
flowrate  measurements  were  taken  using  a  Fischer  and 
Porter  electromagnetic  flowmeter  (max  capacity 
0.0333m’/s)  incorporated  into  the  return  arm  of  the 
flowioop,  downstream  of  the  test  section.  Validyne 
pressure  transducers  (3448  Pa  and  862  Pa  fsd)  were  used 
to  measure  pressure  drops  along  the  test  section  to 
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determine  the  average  wall  shear  stress  t,.  Temperature 
measurements  were  taken  using  a  platinum  resistance 
thermometer  (±0.I°C)  located  in  the  end  housing 
downstream  of  the  test  section.  Measurements  of  axial  and 
tangential  velocities  as  functions  of  radial  and  axial 
location  were  made  using  a  Dantec  Fibreflow  laser 
Doppler  anemometer  system  with  a  measuring  volume 
length  in  water  of  0.19mm.  For  a  few  measurements,  a 
second  LDA  system  was  employed  to  permit  cross- 
correlation  measurements  of  the  velocities  at  two  locations 
separated  axially  by  10  mm  and  azimuthally  by  90°,  the 
azimuthal  separation  necessitated  by  the  physical  size  of 
the  probe  head.  To  achieve  minimal  refraction  and 
minimise  misalignment  of  the  beams  a  flat-faced  optical 
box  was  positioned  over  the  pipes  and  filled  with  castor 
oil  which  had  a  refractive  index  close  to  that  of  the  glass 
(R„=  1.478).  A  125um  filter  was  incorporated  into  the 
system  within  a  bypass  loop  allowing  filtering  of  the  water 
prior  to  the  addition  of  polymer. 

Measurements  of  the  rheological  characteristics  of  the 
liquids  used  were  made  using  a  Carri-Med  CSL  100 
controlled-stress  rheometer.  Both  cone  and  plate  and 
parallel-plate  geometries  were  employed  for  the  fluid 
characterization.  Fluid  refractive  indices  were  determined 
using  an  ABBE  60/ED  high  accuracy  refractometer. 

3.  TEST  FLUIDS  :  PREPARATION  AND 
RHEOLOGY 

The  non-Newtonian  liquids  used  were  aqueous 
solutions  of  CMC  (0.2%  w/w)  and  Xanthan  gum  (0.15% 
w/w)  with  a  1 : 1  w/w  glucose/water  mixture  with  viscosity 
0.01  Pa.s  to  provide  a  basis  for  comparison.  700/  of  each 
fluid  was  prepared  by  filtering  tap  water  prior  to  the 
addition  of  the  polymer  or  glucose.  To  prevent 
bacteriological  degradation  of  the  fluid  a  small  quantity 
(lOOppm  for  CMC  and  Xanthan  gum;  2 OOppm  for 
glucose/water)  of  formaldehyde  was  added.  Seeding 
particles  (Timiron  MP-1005,  mean  diameter  approx  20pm) 
at  a  concentration  of  I  ppm  were  added  to  improve  the 
LDA  signal/noisc  ratio  and  data  rate. 

The  viscometric  characteristics  of  the  two  polymers 
are  shown  in  Figure  1.  The  power-law  behaviour  of 
CMC  is  well  represented  (for  y  >  200  s'1)  by  p  =  (>.„  y)"'1 
with  =  0.239  s  and  n  =  0.69.  A  better  representation  of 
the  CMC  viscosity  data  over  the  entire  range  of  shear  rates 
is  given  by  the  Cross  model 

u  -  li 

- — -  »  [i  ♦  y>"  v 

P.  -  P- 

with  p0  =  0.0346  Pa.s,  px  =  0.001  Pa.s,  Xc  =  0.0165  s  and 
n  *  0.66.  For  Xanthan  gum  the  viscosity  is  best  described 
by  the  Sisko  model, 

p  =  P„f  (*•,  r) +  p« 

with  n  *  0.407,  Xs  =  12.1  s.  px  =  0.0014  Pa.s  and  p„f  = 


I  Pa.s.  As  well  as  power-law  behaviour  over  a  wide  range 
of  shear  rates,  Xanthan  gum  also  exhibits  a  measurable 
degree  of  viscoelasticity.  For  the  evaluation  of  Reynolds 
and  Taylor  numbers,  shear  rates  for  the  determination  of 
the  fluid  viscosity  p  were  obtained  using  the  average 
surface  shear  stress  determined  from  the  axial  pressure 
gradient  and  viscometric  data  for  the  particular  fluid  in 
use. 


4.  RESULTS 


The  global  influence  of  centrebody  rotation  for  each  of 
the  test  fluids  is  apparent  from  the  friction  factor  vs 
Reynolds  number  data  shown  in  Figure  2  and  the 
normalised  axial  velocity  fluctuations  at  4  -  0.8  shown  in 
Figure  3.  The  velocity  fluctuations  are  used  to  monitor 
the  change  from  laminar  flow  through  transition  to  fully 
developed  turbulent  flow.  For  comparison  purposes, 
curves  representing  standard  friction-factor  correlations  for 
fully  developed  flow  of  a  Newtonian  fluid  in  an  annulus 
with  radius  ratio  0.5  and  no  centrebody  rotation  are 
included  in  Figure  2  as  follows 

/  =  23.9/Re  (laminar) 

—  =  4  logl0  (1.343  Re  y/f)  -  1.6  (turbulent)  Jones  and 


Leung  (1981) 
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Flgan  1  VdacHjr  IbctaaliMn  «  R«  for  N**tMiaa  (Uld,  CMC  ud 
Xnlku  ptm  (mu  rkHUd  «rlfku) 

Only  in  the  absence  of  rotation  for  the  glucose/water 
mixture  is  there  a  clear  transition  from  laminar  to  turbulent 
flow.  The  increase  in  friction  factor  at  the  highest  rotation 
speed  is  also  most  marked  for  this  fluid  whereas  for,  the 
shear-thinning  liquids,  the  global  effect  of  rotation  is 
marginal  and  in  the  turbulent-flow  regime  Figure  2  shows 
that  the  degree  of  drag  reduction  for  the  two  polymers  is 
essentially  unaffected  by  rotation.  From  Figure  3  it  is 
seen  that  for  each  fluid  there  is  an  increase  in  the  intensity 
of  the  velocity  fluctuations  in  the  laminar  regime  as  the 
rotation  speed  is  increased. 
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All  subsequent  figures  refer  to  data  for  the  highest 
rotation  speed  (126  rpm)  as  the  bulk  Reynolds  number  is 
varied. 

in  contrast  to  the  negligible  influence  on  the  f-Re  data, 
rotation  has  a  dramatic  influence  on  the  flow  structure,  as 
revealed  by  the  LDA  measurements  of  axial  and  tangential 
mean  velocities  and  velocity  fluctuations.  In  all  cases,  the 
tangential  velocities  (Figures  4-6)  reveal  a  triple-layer 
structure.  Nouri  and  Whitelaw  (1993)  report  very  similar 
observations  for  their  measurements  for  a  Newtonian  fluid 
and  for  CMC  in  the  turbulent-flow  regime.  Limited 
measurements  showing  the  triple-layer  structure  for 
turbulent  airflow  in  a  narrow  annulus  were  also  reported 
by  Simmers  and  Coney  (1979).  Perhaps  surprisingly,  the 
theoretical  work  of  Bittleston  and  Hassagcr  (1992) 
revealed  that  laminar  flow  of  a  Bingham  plastic  in  an 
annulus  also  exhibits  a  triple-layer  structure.  Over  much 
of  the  central  region  of  the  annulus,  the  tangential  velocity 
is  almost  constant  at  a  level  which  diminishes  with 
increasing  Reynolds  number.  At  the  highest  Reynolds 
numbers,  penetration  of  the  influence  of  rotation  is 
increasingly  limited  to  an  inner  layer  and  for  Xanthan  gum 
the  tangential  velocity  at  Re  =  40,000  was  too  small  to 
measure  for  \  <  0.8.  Close  to  the  centrebody,  the  velocity 
increases  across  the  inner  layer  to  match  the  peripheral 
speed.  As  is  typical  of  shear  flows  generally,  this  inner 
layer  thickness  decreases  with  increasing  Reynolds 
number.  It  is  also  seen  that  the  inner-layer  thickness  for 
the  two  shear-thinning  fluids  is  roughly  double  that  for  the 
glucose/water  mixture.  Although  the  outer  layer  is  of 
comparable  thickness  to  the  inner  layer  in  each  case,  the 
gradients  are  less  steep  because  the  maximum  velocity  in 
the  central  layer  is  approximately  0.4  o>Rr 
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Figure  7.  Axial  nfocfcjr  prxflki  far  Nawtaaiaa  Raid. 
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With  the  exception  of  the  aqueous  solution  of  CMC  at 
Re  =  1 10,  the  axial  velocity  distributions  (Figures  7-9)  are 
little  different  from  what  would  be  expected  in  the  absence 
of  rotation:  i.e.  a  progressive  flattening  of  the  profile  with 
increasing  Reynolds  number.  The  apparently  spurious 
behaviour  for  CMC  at  the  lowest  Reynolds  number  is  a 
consequence  of  averaging  the  axial  velocities  associated 
with  the  interior  circulation  of  Taylor  vortices  which  are 
transported  axially  by  the  bulk  flow. 
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Even  clearer  evidence  for  the  presence  of  Taylor 
vortices  for  the  low  Reynolds  number  CMC  flow  is  seen 
in  the  axial  velocity  fluctuations  (Figure  11).  Two  peaks 
close  to  %  =  0.2  and  0.8  again  represent  the  time-averaged 
effect  of  the  internal  recirculating  motion  of  the  Taylor 
vortices  as  they  are  transported  axially.  With  the  added 
exception  of  the  highest  Reynolds  number  (40,000)  for 
Xanthan  gum,  (Figure  12)  in  all  other  cases  the  axial 
velocity  fluctuations  show  a  progressive  decrease  with 
increasing  Reynolds  number.  This  too  is  ascribed  to  the 
very  complex  but  well  defined  structures  which  are 
generated  by  the  centrebody  rotation  at  the  lower  Reynolds 
numbers.  For  Xanthan  gum  with  Re  =  40.000.  the 
situation  is  representative  of  a  fully  turbulent  flow  for 
which  the  centrebody  rotation  has  little  influence  outside 
a  thin  inner  layer,  as  was  already  evident  from  the 
corresponding  tangential  velocity  profile  in  Figure  6. 


4.6.4. 


Limited  investigations  into  the  structural  flow  changes 
at  low  but  increasing  bulk  velocity  were  carried  out  using 
two  identical  LDA  probes  with  the  probe  volumes  a  set 
distance  apart  (10  mm).  Physical  limitations  meant  that 
the  probes  had  to  be  placed  at  90°  to  each  other  ie.  vertical 
and  horizontal.  The  velocity-time  signals  generated  by  the 
two  probes  were  correlated  against  each  other  to  give  a 
time  spacing  between  the  flow  passing  each  probe  and 
hence  an  advection  velocity  for  the  cell  structure.  Figure 
16  shows  the  change  with  Reynolds  number  in  the 
advection  velocity  normalised  with  the  bulk  flow  velocity. 
The  normalised  advection  speed  is  seen  to  increase  from 
a  value  of  about  unity  to  values  above  2.5  for  both  CMC 
and  X  an  than  gum,  indicating  a  change  from  a  toroidal  to 
a  spiral  structure.  However,  it  would  require  three 
simultaneous  measurements  to  determine  advection  speed, 
cell  size  and  spiral  pitch  and  this  was  not  possible.  The 
value  of  unity  at  the  lower  Reynolds  number  is  consistent 
with  the  visual  estimates  of  Synder  (1962)  which  gave  an 
average  value  for  a  Newtonian  fluid  of  1.2  at  Reynolds 
numbers  less  than  16.  For  the  Newtonian  fluid  the  signals 
at  higher  Reynolds  numbers  than  those  shown  did  not 
reveal  a  periodic  structure  which  could  be  used  to 
determine  advection  speed. 


Figures  (13*15)  refer  to  the  tangential  velocity 
fluctuations.  It  is  well  established  that  for  turbulent  flow 
of  polymeric  fluids  (such  as  Xanthan  gum  and  CMC),  drag 
reduction  under  turbulent  pipe-flow  conditions  is 
invariably  accompanied  by  suppressed  levels  of  tangential 
turbulent  velocity  fluctuations.  This  behaviour  is  also 
evident  here,  except  for  the  high  fluctuation  levels  at  the 
lower  Reynolds  numbers  associated  with  complex  vortical 
structures  induced  by  the  cenuebody  rotation.  As  already 
seen,  the  radial  penetration  of  the  rotational  influence  for 
the  higher  Reynolds  numbers  is  much  reduced  and 
turbulent  fluctuations  are  again  suppressed. 


5.  CONCLUSIONS 

The  combination  of  an  imposed  bulk  flow  through  an 
annulus,  centrebody  rotation  and  the  influence  of  non- 
Newtonian  fluid  rheology  produces  a  range  of  complex 
flow  behaviour.  Little  can  be  learned  from  global 
measurements  (frictional  pressure  drop  versus  flow  rate) 
alone  since  the  influence  of  rotation  is  generally  small  for 
all  flow  conditions.  However  from  detailed  measurements 
of  the  axial  and  tangential  velocity  components,  both  mean 
and  fluctuating,  it  is  possible  to  identify  specific  flow 
characteristics,  including  axially  translating  Taylor 
vortices,  a  triple-layer  mean  flow  structure  and  suppression 
of  tangential  turbulence  fluctuations  for  high  Reynolds 
number  turbulent  flow  of  the  non-Newtonian  fluids. 
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NOMENCLATURE 


f  friction  factor  2x,/pV2 

n  power-law  exponent 

Q  volumetric  flow  rate  (m3/s) 

r  radial  location  in  annulus  (m) 

Re  bulk  flow  Reynolds  number  2pV(R0  -  R^p 
R,  outer  radius  of  centrebody  (m) 

R„  inner  ladius  of  outer  wall  of  annulus  (m) 
u  mean  axial  velocity  component  (m/s) 

u'  rms  value  of  fluctuating  axial  velocity  (m/s) 

v  mean  tangential  velocity  component  (m/s) 

v'  rms  value  of  fluctuating  tangential  velocity 

component  (m/s) 

V  bulk  axial  velocity  Q/n(R20  -  R2,)  (m/s) 
kc  constant  in  Cross  model  (s) 

X„  constant  in  power-law  model  (s) 

A.,  constant  in  Sisko  model  (s) 

y  shear  rate  (1/s) 

p  characteristic  fluid  viscosity  (Pa.s) 

p„  zero  shear-rate  viscosity 

pref  reference  viscosity  (I  Pa.s) 

p,  infinite  shear-rate  viscosity  (Pa.s) 

4  non-dimensional  radial  location  (R„  -  r)/(R0  -  R,) 

p  fluid  density  (kg/m1) 

t,  average  surface  shear  stress  (Pa) 

to  centrebody  rotation  speed  (rad/s) 
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MIXING  CHARACTERIZATION  IN  SEMI-INDUSTRIAL  NATURAL  GAS  FLAMES 
USING  PLANAR  MIE-SCATTERING  VISUALIZATION 


Jacques  Dugud,  Aristide  Mbiock  and  Roman  Weber 

International  Flame  Research  Foundation 
Umuiden,  The  Netherlands 


ABSTRACT 

The  present  work  is  concerned  with  the  application  of 
planar  Mie  scattering  visualization  for  the  characterization  of 
mixing  in  semi-industrial  natural  gas  flames.  Time-averaged 
conserved  scalar  data  are  derived  from  the  analysis  of  large 
sequences  of  instantaneous  planar  Mie  scattering  images.  The 
assumptions  of  fast  and  irreversible  chemistry  (mixing 
controlled  by  turbulent  diffusion)  and  a  unit  Lewis  number 
allow  the  derivation  of  a  monotonic  relation  between  the 
number  density  of  inert  seeding  particles  in  the  natural  gas  jet 
and  a  conserved  scalar.  Ensembles  of  instantaneous  conserved 
scalar  images  are  processed  to  extract  time-averaged 
parameters  which  include  the  mean  and  fluctuating  scalar  field, 
the  mtermittency  and  unmixedness  factors,  the  scalar 
dissipation  field  and  spatial  correlations. 

1  .  INTRODUCTION 

The  Mie  scattering  technique  has  been  extensively 
applied  to  derive  scalar  data  and  to  characterize  mixing  in 
small  scale  isothermal  and  combusting  flows  since  the  early 
sixties  (Becker  et  al  (1963),  Ebrahimi  and  Kleine  (1977), 
Kennedy  and  Kent  (1978),  and  Man  sour  et  si  (1988)).  The 
technique  provides  concentration  data  when  one  of  the  fluids 
entering  a  mixing  region  is  seeded  with  small  marker 
particles.  The  light  scattered  by  the  marker  particles  crossing 
a  light  beam  is  ideally  proportional  to  the  local  particle 
number  density.  The  Mie  scattering  technique  is  usually 
implemented  for  single-point  measurement  using  a  focused 
laser  beam  and  a  photodetector  for  the  collection  of  the  laser 
light  scattered  from  the  measurement  volume.  Over  the  last 
decade,  advances  in  laser,  camera  and  computer  technology 
have  enabled  the  implementation  of  Mie  scattering  for  planar 
measurements  in  combusting  flows  using  sheet  illumination 
and  line  or  rectangular  array  detectors. 

In  the  present  study,  planar  Mie  scattering 
visualization  has  been  further  demonstrated  for  application  in 
industrial-scale  cold  flows  and  gas  flames  over  flow  areas  as 
large  as  one  square  meter.  The  natural  gas  stream  is  seeded 


with  micron-size  zirconium  oxide  particles.  Images  of  the 
instantaneous  particle  concentration  field  are  recorded  with  a 
black  and  white  CCD  camera  synchronized  to  the  pulses  of  a 
Nd:YAG  laser.  The  camera  gating  time  of  1  ps  is  short 
enough  to  suppress  the  flame  radiation  of  even  the  most 
luminous  flames  and  allows  the  recording  of  scattered  laser 
light  alone.  The  signal  spatial  resolution  is  determined  by  the 
laser  sheet  thickness  and  the  camera  magnification;  it  is 
typically  of  the  order  of  1  mml  Computer  analysis  of  large 
ensembles  of  instantaneous  images  allows  the  extraction  of 
many  time-averaged  parameters.  They  include  the  mean  and 
fluctuating  conserved  scalar  field,  the  average  scalar 
dissipation  field,  the  unmixedness  and  intermittency  factors, 
and  the  scalar  spatial  correlations.  The  objectives  of  this 
paper  are  to  present  the  implementation  of  the  technique  for 
conserved  scalar  measurements  in  large  scale  natural  gas 
flames  and  to  discuss  its  inaccuracies  and  limitations.  Results 
of  an  application  in  a  3  MW  natural  gas  flame  ate  presented. 

2  .  MEASUREMENT  PRINCIPLE 
2 . 1  t  he  Mie  Scattering  Technique 

The  application  of  the  Mie  scattering  technique  to 
concentration  measurements  has  been  documented  in  detail  by 
Becker  et  al  (1967  and  1977),  Shaughnessy  and  Morton 
(1977)  and  Stepowslci  (1992)  and  will  only  be  briefly  recalled 
here.  Assuming  ideal  conditions,  the  instantaneous  light- 
scatter  signal  /  is  proportional  to  the  number  of  scattering 
particles  in  the  control  volume.  It  is  easy  to  show  that  the 
signal  /  is  also  related  to  the  conserved  scalar  Z  based  on  the 
mass  fraction  of  seeded  nozzle  fluid  according  to: 

/  •*  pZ 

The  conserved  scalar  Z  is  also  strictly  equivalent  to  the 
mixture  fraction.  It  takes  the  value  of  one  for  pure  nozzle  fluid 
and  zero  for  pure  external  fluid.  Normalizing  the  signal  so  that 
/  equals  one  in  the  potential  core  of  the  nozzle  fluid  outlet 
(Z  =1),  we  obtain: 

lll0=pZlp0 


6.1  1 


This  relation  implies  the  validity  of  a  number  of 
assumptions: 

-  there  is  no  multiple  scattering  and  no  optical  attenuation 

-  the  particle  concentration  is  low  enough  not  to  alter  the 
properties  of  the  seeded  fluid 

-  the  marker  particles  have  a  monosize  distribution,  or  at  least 
a  size  distribution  that  does  not  vary  in  space 

-  the  scattering  cross  section  of  the  marker  particles  remains 
constant  in  the  temperature  range  covered 

-  the  seeding  concentration  at  the  nozzle  outlet  is  constant 

-  the  light  sheet  intensity  does  not  vary  over  time  and  space 

•  the  molecular  diffusivity  coefficients  of  fuel  and  air  are  equal 

-  the  molecular  and  thermal  diffusivities  are  equal  (Lewis 
number  =1) 

-  the  tracer  particles  are  free  of  inertial  effects  (no  particle 
slip)  and  faithfully  follow  the  mixing  and  diffusion  of  the 
nozzle  fluid  molecules  . 

Proper  experimental  care  must  be  applied  to  ensure 
that  deviations  from  these  assumptions  do  not  cause 
excessive  measurement  inaccuracies.  The  effect  of  light 
absorption,  which  is  not  insignificant  in  large  scale  flows, 
can  be  quantified  and  corrected  in  the  image  calibration 
procedure.  The  non-uniform  light  sheet  intensity  also  needs 
to  be  accounted  for  when  using  a  diverging  light  sheet  to 
illuminate  a  large  flow  cross  section. 

2.2  Molecular  Diffusion  Effects 

A  crucial  assumption  necessary  to  derive  the  fuel 
mixture  fraction  from  the  Mie  scattering  signal  is  that  marker 
particles  mix  and  diffuse  like  fuel  molecules.  According  to  the 
data  of  Becker  (1977),  the  diffusivity  of  1  pm  particles  in  air 
at  300  K  is  2.7  x  10*^  ctn2/s.  This  value  is  to  be  compared 
with  the  molecular  diffusivity  coefficients  of  air  and  methane 
in  air  which,  at  ambient  temperature,  are  0.21  and 
0.23  cm2/s,  respectively.  At  1000°C,  they  increase  to  2.0 
and  23  cm2/*,  which  are  many  orders  of  magnitude  higher 
than  the  particle  effective  diffusivity.  Thus,  in  flows  where 
molecular  diffusion  accounts  for  a  significant  part  of  the 
mixing  process,  planar  Mie  scattering  visualization  of  a 
seeded  flow  leads  to  an  overestimation  of  the  gradients  in  the 
mixture  fraction  field.  The  significance  of  molecular  diffusion 
at  the  flame  scale  reported  here  has  been  assessed  using  the 
approach  of  S timer  and  Bilger  (1983).  The  turbulent 
Reynolds  number  in  the  natural  gas  jet  self-similar  region, 
calculated  from  the  measured  RMS  fluctuating  velocity  and 
outer  scale  jet  width,  has  a  value  of  6200.  This  results  in  a 
turbulent  diffusivity  of  1120  cm2/*,  which  is  at  least  two 
orders  of  magnitude  higher  than  the  molecular  diffusivities  of 
air  or  natural  gas  at  flame  temperatures.  Therefore,  in  large 
scale  flows  where  mixing  is  controlled  by  turbulence,  the 
inaccuracies  induced  by  molecular  diffusivities  and  particle 
effective  diffuaivity  are  negligible. 


2.3  Fast  Chemistry  Limit 

In  combustion  systems  involving  mixing  of  a  seeded 
fuel  stream  with  an  oxidant  stream,  the  instantaneous  Mie 
scattering  signal  is  proportional  to  the  product  of  the 
conserved  scalar  and  the  density.  Thus,  calculation  of  the 
conserved  scalar  requires  the  simultaneous  measurement  of  the 
instantaneous  particle  number  density  and  the  flow 
temperature.  As  shown  by  Kennedy  and  Kent  (1978),  Bilger 
(1989)  and  Stepowski  (1992),  a  simplification  to  this 
requirement  is  often  introduced  when  combustion  can  be 
described  using  the  fast  chemistry  approach.  The  assumptions 
implied  are  infinitely  fast  and  irreversible  chemical  reactions 
(at  least  for  the  major  species),  equal  diffusivities  of  the  fuel 
and  oxidant,  unit  Lewis  number  and  adiabatic  equilibrium. 
These  assumptions  are  usually  valid  in  large  scale  flames 
(high  Reynolds  and  Damk&hler  numbers)  where  mixing  is 
controlled  by  turbulent  diffusion.  The  instantaneous 
relationships  relating  the  temperature  and  the  calibrated  Mie 
scattering  signal  to  the  mixture  fraction  are  shown  in 
Figure  1.  The  function  relating  the  calibrated  signal  to  the 
conserved  scalar  depends  on  the  air  and  natural  gas  inlet 
temperatures  (F= 0  and  F- 1),  the  adiabatic  flame  temperature. 


Fa  Mixture  Fraction  (-) 

Fig.  1  Instantaneous  relations  for  infinitely  fast  and 
irreversible  reactions 

3 .  EXPERIMENTAL 

3 . 1  Furnace  Configuration  and  Optical  Setup 

The  experiments  were  carried  out  in  a  6  x  2x  2  m 
furnace  equipped  with  a  4  MW  natural  gas  burner  (Bertolo  et 
al  (1993)).  A  NOx  reduction  technique  was  implemented  by 
splitting  the  natural  gas  input  between  a  primary  injector 
located  at  the  center  of  the  burner  quarl  and  eight  secondary 
axial  injectors  located  at  the  quarl  periphery.  Flame  stability 
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was  provided  by  a  large  primary  injector  blockage  ratio 
(BRsO.65)  and  a  medium  combustion  air  inlet  swirl  level 
(So*037).  The  experiments  reported  here  were  performed  at  a 
thermal  input  of  3  MW  with  80%  of  the  total  natural  gas  flow 
injected  through  the  secondary  jets.  This  staging  ratio 
corresponded  to  die  maximum  NOx  reduction  achievable 
without  loss  of  flame  stability.  Based  on  these  inputs  and  a 
nozzle  diameter  ia  of  9  mm,  the  jet  outlet  velocity  Uc  was 
17S  m/s  and  the  resulting  Reynolds  number  was  103,000. 

The  laser  sheet  was  produced  by  expanding  the  beam  of 
a  pulsed  Nd:YAG  laser  through  a  cylindrical  lens.  The  laser 
produced  25  pulses  per  second  at  a  wavelength  of  532  nm  and 
with  an  energy  of  190  mJ  per  pulse.  As  shown  in  Figure  2, 
the  laser  sheet  was  introduced  under  the  furnace  outlet  and  its 
plane  crossed  ti.c  burner  and  the  top  and  bottom  jet  axes. 
Collimation  of  the  beam  waist  was  achieved  with  two 
spherical  lenses  (f  j  =  -150  mm,  f2  =  400  mm)  located  in 
front  of  the  laser  at  14  m  from  the  burner  wall.  The  light 
sheet  was  produced  with  a  cylindrical  lens  ((■$  =  -25.4  mm) 
located  in  front  of  the  furnace  back  wall,  at  6.5  m  from  the 
burner  wall.  The  measured  laser  sheet  thickness  was  1.2  mm 
and  was  verified  to  be  constant  over  the  imaged  area.  The 
natural  gas  jets  were  seeded  with  sub-micron  zirconium  oxide 
particles  using  a  cyclone  design  identical  in  principle  to  the 
one  described  by  Glass  and  Kennedy  (1977).  The  particles 
were  classified  in  a  size  range  of  0 J  to  2.0  pm.  The  Mie 
scattering  intensity  was  collected  with  a  black  and  white, 
fixed  gain,  non-interlaced  image-intensified  CCD  camera 
which  was  gated  at  1  ps.  The  CCD  camera  was  externally 
triggered  by  the  laser  pulses.  The  short  gating  time  enabled 
blocking  of  the  flame  radiation  and  recording. of  scattered 
laser  light  alone.  The  camera  optics  were  equipped  with  a 
40  nm  bandwidth  filter  for  suppressing  die  infra-red  radiation 
incident  onto  the  image  intensifier  and  the  CCD  sensor.  The 
standard  video  signal  was  fed  to  a  S-VHS  video  recorder  and 
was  later  digitized  by  a  frame  grabber  over  an  array  of  768  by 
512  pixels.  The  16  MB  store  board  coupled  to  the  grabber 
board  enabled  the  acquisition  of  series  of  32  consecutive 
images.  The  image  processing  analysis  was  performed  over  an 
ensemble  of  350  images. 


Fig.  2  Laser  sheet  setup  in  furnace 


3.2  Experimental  Resolution 

The  spatial  resolution  of  the  measurements  depends  on 
the  size  of  the  laser  sheet  volume  imaged  per  pixel.  The 
imaging  region  covered  a  field  of  view  of  450  x  300  mm 
which  was  digitized  over  a  detector  array  of  768  x  512  pixels. 
The  measured  laser  sheet  thickness  was  1.2  mm.  Thus,  the 
measurement  volume  size  per  pixel  was  0.586  x  0.586  x 

1.2  mul  Since  the  Nyquist  sampling  theorem  states  that  the 
maximum  detectable  spatial  frequency  is  half  the  sampling 
frequency,  the  size  of  the  smallest  resolvable  structure  is  two 
pixels  large,  or  1.2  mm.  If  a  high  spatial  resolution  is 
preferred  over  a  large  field  of  view,  a  smaller  measurement 
volume  can  be  achieved  by  using  a  higher  optical 
magnification  and  smaller  laser  sheet  thickness.  Ultimately, 
the  maximum  spatial  resolution  is  determined  by  the  need  to 
have  a  sufficient  number  of  particles  in  the  measurement 
volume  not  to  invalidate  the  assumption  of  marker 
continuum.  This  practical  limit  is  usually  close  to  the 
smallest  scale  of  turbulence.  The  measurement  spatial 
resolution  should  be  compared  to  the  smallest  length  scale  of 
gradients  in  the  conserved  scalar  field.  Recent  measurements 
by  Buch  and  Dahm,  (1991)  and  Southerland  and  Dahm  (1994) 
report  that  the  scalar  diffusion  scale  thickness  is  given  by 
Xjj  -  11.2  6  Reg"^4  Sc*1^  where  6  is  the  local  lateral  scale 
of  the  jet  and  Reg  =  u  8  /  v„  is  the  outer  scale  Reynolds 
number.  Dimensional  reasoning  indicates  that  in  the  far  field 
of  a  round  jet,  the  outer  scale  Reynolds  number  is  constant 
(Dahm  and  Dimotakis  (1990)).  Since  the  jet  lateral  dimension 
scales  as  8  -  0.44  x  and  this  flow  has  a  Schmidt  number  near 
unity,  the  scalar  diffusion  scale  thickness  increases  as 
Xq  ■  4.93  x  Reg'^.  The  axial  distance  x  is  measured  from 
the  nozzle  outlet.  For  the  present  experiments,  the  Reynolds 
number  Reg  was  calculated  at  x  =  150  mm  (17  da)  using  the 
laser  visualization  and  velocimetiy  measurements.  With  a 
centerline  mean  velocity  of  52  m/s  and  a  full  local  jet  width 
of  62  mm,  the  outer  scale  Reynolds  number  is  17  900.  Thus, 
the  scalar  diffusion  scale  thickness  varies  from  0.32  mm  for 
x  -  100  mm  to  1.3  mm  for  x  =  400  mm.  This  indicates  that 
the  measurement  spatial  resolution  is  not  small  enough  to 
resolve  the  smallest  gradient  scales  in  the  scalar  field  except 
at  distances  larger  than  40  nozzle  diameters  (x=360mm). 

3 . 3  Data  Reduction 

The  procedure  used  to  extract  instantaneous  conserved 
scalar  data  from  the  raw  Mie-scattering  images  can  be  outlined 
as  outlined  below.  First,  the  images  are  rescaled  so  that  the 
maximum  signal  intensity  measured  in  the  jet  potential  core 
corresponds  to  100%  and  the  minimum  signal  intensity 
corresponds  to  0.  The  zero  Mie-scattering  signal  is  defined  as 
the  mode  of  the  image  histogram  in  the  background  region. 
Second,  the  images  are  corrected  for  non-uniform  light  sheet 
illumination  and  for  light  absorption.  This  correction  is 
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perforated  using  a  reference  image  computed  from  the  laser 
sheet  intensity  profiles  in  the  axial  and  radial  direction  and  an 
average  extinction  coefficient.  These  coefficients  were 
determined  experimentally  by  averaging  the  images  obtained 
with  homogeneous  seeding  and  no  flow  in  the  furnace.  They 
agreed  well  with  values  calculated  theoretically  from  the  laser 
sheet  geometry  and  the  estimated  particle  size  and 
concentration  in  the  furnace.  Performing  these  two  image 
calibration  steps  provides  calibrated,  normalized  particle 
number  density  images  which  range  from  100%  in  the  natural 
gas  jet  potential  core  to  0  in  the  combustion  air  stream.  The 
third  step  consists  in  applying  the  fast  chemistry  limit 
relations  previously  described  to  extract  the  instantaneous 
temperature  and  conserved  scalar  fields.  These  relations 
require  as  inputs  the  natural  gas  and  combustion  air  inlet 
temperatures,  the  adiabatic  flame  temperature,  and  the 
stoichiometric  mixture  fraction.  Because  this  procedure  yields 
the  instantaneous  normalized  particle  number  density,  the 
conserved  scalar  and  temperature  fields,  averaging  can  be 
performed  using  the  Reynolds  or  Favte  definition.  The  various 
mean  parameters  derived  from  the  instantaneous  conserved 
scalar  images  are  presented  in  the  results  section. 
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Fig.  3  Absolute  inaccuracies  on  the  mean  conserved  scalar 
and  temperature  for  ±5%  error  on  the  raw  signal 
( - :  +  5%, - :  -5%,  - :  true  signal) 


4 .  RESULTS 


3.4  Error  Analysis 

The  measurement  random  and  bias  errors  in  the  Mie 
scattering  signal  have  been  estimated  by  recording  the  laser 
sheet  in  a  uniformly  seeded  volume  in  the  absence  of  any 
convection.  The  random  error  at  a  fixed  pixel  position, 
measured  by  calculating  the  rms  noise  level  of  the  image 
sequence,  was  found  to  be  1.8%  of  the  maximum  dynamic 
range.  This  random  error  is  the  result  of  fluctuations  in  the 
seeding  density,  and  electronic  noise  in  the  CCD  camera  and 
frame  grabber.  The  random  error  of  a  time-averaged  parameter 
decreases  with  the  square  root  of  the  number  of  samples.  Thus, 
for  a  sequence  of  350  images,  the  random  noise  level  on  the 
calibrated  particle  number  density  is  of  the  order  of  0.1%  of 
the  full  scale.  The  total  error  of  the  mean  particle  number 
density  was  estimated  by  averaging  a  sequence  of  images 
corrected  for  non-uniform  illumination  and  light  absorption. 
The  total  error,  measured  by  taking  the  rms  of  the  mean  image 
histogram,  was  found  to  be  5%  of  the  maximum  dynamic 
range.  The  systematic  errors  which  are  caused  by  optical 
attenuation,  non-uniform  light  illumination  and  non-linear 
camera  response  provide  the  largest  contribution  to  the  mean 
number  density  error.  Because  image  averaging  does  not 
reduce  the  bias  errors,  the  bias  errors  on  the  instantaneous 
images  are  also  about  5%.  Figure  3  shows  how  a  5%  error  on 
the  particle  number  density  propagates  in  the  calculations  of 
the  temperature  and  conserved  scalar.  It  shows  that  the 
absolute  inaccuracy  on  the  conserved  scalar  and  temperature  is 
inversely  proportional  to  the  number  density.  It  reaches  0.03 
and  0.23  for  normalized  number  densities  of  0.4  and  0.05, 
respectively. 


Figure  4  displays  a  Mie-scattering  image  taken  from 
the  ensemble  of  images  analyzed.  Because  the  laser  pulse  is 
only  7  ns  long,  these  images  reveal  the  instantaneous 
distribution  of  the  marker  particles  over  the  laser  sheet.  The 
field  of  view  of  450  x  300  mm  covers  one  of  the  eight  jets 
located  at  the  quarl  periphery  and  extends  up  to  38  nozzle 
diameters  in  the  axial  direction.  No  obvious  artifact  can  be 
detected  in  the  Mie-scattering  images  other  than  the  light 
sheet  reflection  on  the  burner  front  wall.  The  background  of 
the  images  is  uniform  in  the  whole  region  of  interest  which 
includes  the  near  burner  zone  and  excludes  the  front  wall 
reflections  (right  side  of  the  nozzle  on  Figure  4). 
Furthermore,  it  was  verified  that  with  the  laser  shutter  closed, 
the  images  were  uniformly  dark  and  showed  no  residual  flame 
emission. 


Fig.  4  Mie  scattering  visualization  of  the  instantaneous 
particle  distribution  in  a  natural  gas  jet 
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Figures  5  and  6  display  the  mean  and  nms  scalar  image 
fields  obtained  from  a  sequence  of  3S0  images  following  the 
data  reduction  procedure  described  above.  The  jet  asymmetry 
can  be  attributed  to  its  interaction  with  the  external 
recirculation  zone  which  enhances  the  jet  radial  expansion 
towards  the  furnace  walls.  As  expected,  the  RMS  scalar  field 
displays  zero  fluctuations  in  the  jet  potential  core  and 
maximum  fluctuations  in  the  mixing  layer. 


Fig.  5  mean  conserved  scalar  field 


Fig.  6  RMS  fluctuations  in  conserved  scalar  field 


Self-similarity  of  the  conserved  scalar  field  was 
assessed  by  normalizing  the  radial  conserved  scalar  profiles 
with  the  maximum  value  of  the  scalar  on  the  radial  profile. 
Figure  7  displays  the  normalized  scalar  field.  The  50% 
normalized  mean  scalar  lines  can  be  used  to  define  the  jet  half 
width,  and  in  the  selfsimilar  region,  the  angle  of  spread  of  the 
jet  and  the  rate  of  entrainment 


Fig.  7  Normalized  mean  scalar  field 

Figure  8  shows  plots  of  the  normalized  mean  scalar 
profiles  for  seven  traverses  from  the  nozzle  outlet  (x/d0=  4, 
10,  15,  20,  25,  30,  and  36).  The  radial  position  is  normalized 
by  the  distance  from  the  nozzle  outlet  to  the  traverse.  In  order 
to  compare  the  experimental  results  with  data  from  the 
literature,  the  solid  line  corresponding  to  the  curve  fit 
Z/Z0  =exp(-54(r/x)2)  is  also  shown.  For  the  side  of  the 
jet  expanding  towards  the  centerline  (positive  radii  on 
Figure  8),  self-similarity  is  reached  after  an  axial  distance  of 
20  nozzle  diameter  from  the  nozzle  outlet.  The  very  good 
agreement  observed  between  the  self-similar  profiles  and  the 
experimental  curve  fit  is  encouraging  and  seems  to  indicate  a 
satisfactory  accuracy  of  the  Mie  scattering  technique,  at  least 
for  the  mean  conserved  scalar  results. 


r/X  (-) 

Fig.  8  Normalized  radial  profile  of  mean  scalar 
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The  intermittency  factor  is  defined  as  the  probability 
that  the  scalar  concentration  is  greater  than  zero.  In  the 
presence  of  noise,  the  intermittency  is  simply  equal  to  the 
fraction  of  time  the  scalar  concentration  is  above  the  noise 
level  (Chigier,  (1981)).  The  intermittency  factor  provides 
insight  into  the  process  of  entrainment  by  indicating  the 
location  and  extent  to  which  ambient  fluid  penetrates  into  the 
mixing  layer.  An  intermittency  factor  of  05  can  be  used  to 
define  the  jet  turbulent  boundary,  and  it  also  coincides  with 
the  region  where  the  difference  between  Reynolds  and  Favre 
averages  is  largest.  Because  the  entrainment  process  is 
accomplished  mostly  through  large  eddies,  the  determination 
of  the  intermittency  field  does  not  require  a  spatial  resolution 
of  the  same  aider  as  the  smallest  scales  of  turbulence. 


Fig.  9  Intermittency 

The  unmixedness  factor  was  calculated  using  the 
definition  of  Chigier  (1981): 

(l -If)Tl+ZfT2 

The  mean  scalar  Z j  corresponds  to  the  far  field  concentration 
which  is  reached  after  complete  mixing  between  the  fuel  and 
the  combustion  air.  It  is  calculated  from  the  burner  inputs  and 
the  fuel  air  requirements;  it  corresponds  to  the  mixture 
fraction  leached  in  the  flue  gas  and  is  taken  here  as  0.055.  The 
time  intervals  Tj  and  T2  correspond  to  the  conditions  Z>  Z  f 
and  Z<  Zf,  respectively.  The  unmixedness  describes  the 
extent  of  mixing  between  the  seeded  stream  (natural  gas)  and 
the  non-seeded  stream  (combustion  air).  When  natural  gas  and 
combustion  air  are  completely  mixed,  there  is  no  fluctuation 
of  concentration  and  the  unmixedness  is  zero.  The  flow  is 
completely  unmixed  (unmixedness  is  one)  when  the 
concentration  fluctuates  between  zero  (pure  air)  and  one  (pure 
fuel).  It  is  clear  that  the  unmixedness  is  zero  when  the  flow  is 
completely  mixed  at  the  scale  corresponding  to  the 
experimental  spatial  resolution.  Hie  extent  of  mixing  at  the 
molecular  level  cannot  be  measured  when  collecting  a  signal 
from  marker  particles.  However,  as  discussed  earlier,  the 


contribution  of  molecular  mixing  in  large  scale  flames  is  very 
small  when  compared  to  turbulent  diffusivitiy. 


Fig.  10  Unmixedness 

The  instantaneous  scalar  dissipation  rate  is  expressed  in 
cartesian  coordinates  as: 

■•■•(KM? )■•(?)■) 

where  D  is  the  molecular  diffusivity  of  methane  in  air  and  was 
taken  as  0.2  cm2/s.  The  instantaneous  scalar  dissipation  rate 
is  in  units  of  s'*.  In  this  work,  the  third  component  is  not 
accessible  and  the  dissipation  rate  was  calculated  using  only 
the  first  two  dimensional  gradients  of  the  conserved  scalar.  It 
must  be  noted  that  accurate,  quantitative  measurements  of  the 
scalar  spatial  gradients  require  the  experimental  resolution  to 
be  close  to  the  scalar  diffusion  scale.  Since  this  was  not  the 
case  in  these  experiments,  the  scalar  dissipation  results  are 
underestimated.  The  mean  dissipation  rates  shown  in 
Figure  11  are  qualitatively  consistent  with  the  results 
reported  by  Namazian  et  al  (1988)  and  Feikcma  and  Driscoll 
(1992).  The  scalar  dissipation  reaches  high  values  in  the 
mixing  layer  of  the  natural  gas  jet  close  to  the  nozzle,  at  the 
interface  between  the  natural  gas  and  the  ambient  fluid.  At 
higher  axial  locations,  the  dissipation  levels  decay  and  the 
maximum  values  of  the  radial  profiles  gradually  move  closer 
to  the  jet  axis.  The  local  scalar  dissipation  rate  is  an 
important  parameter  because  it  describes  the  local  mixing 
intensity  and  shows  where  the  mixing  energy  is  spent.  This 
information  helps  verify  and  optimize  the  burner  mixing 
characteristics.  In  the  present  application,  the  maximum 
levels  of  sc-aisr  dissipation  are  encountered  in  a  region  of  low 
oxygen  con',  cm  ration  which  corresponds  to  flue  gas  entrained 
from  the  external  recirculation  zone  into  the  natural  gas  jets. 
The  initial  mirmp  of  natural  gas  with  flue  gas  delays  mixing 
between  nature;  u  and  air  and  results  in  low  peak  flame 
temperatures  and  >ov  kXh  emissions. 
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Fig.  1 1  Log  of  the  mean  scalar  dissipation  Held 


Fig.  12  Scalar  spatial  correlations  at  selected  locations 


The  spatial  correlation  of  the  scalar  field  was 
calculated  at  selected  locations  in  the  flow  and  is  displayed  in 
Figure  12.  The  spatial  correlations  show  the  length  scales 
over  which  the  scalar  fluctuations  are  correlated.  The  spatial 
correlations  at  the  spatial  distances  Sx,  Sy  from  the  fired 
locations  (xo.yo)  *re  the  intercorrelation  coefficients 
between  the  points  Zf x0,y0)  and  Z(x0+Sx,y0+Sy).  They  are 
given  by: 


Cor(x..8x,y0.8y)  = 


Cov(z(x0.y0),Z(x0+Sx,y0  +  Sy)) 
(Var{z{x0  .,.))■  Var{z{xe  +  &.y0  +  &y)))™ 


The  covariance  between  Z(x0, yQ)  and  Z(x0+&c,y0+8y) 
is  defined  by: 

Cov(z.Z$ \=Z(x0,y0)Z(x0  +  6x,y0  +  Sy) 


The  variance  Var(z(x0, is  simply  the  square  of 
the  RMS  fluctuations  of  Z  at  the  positions  (x0,y0).  As 
pointed  by  Schefer  et  al  (1988).  the  0.5  contour  line  provides 
a  close  approximation  of  the  integral  length  scale  of 
turbulence.  Because  the  spatial  correlation  characterizes  the 
turbulence  macroscale,  its  accurate  determination  does  not 
require  a  spatial  resolution  as  high  as  for  the  dissipation 
measurements.  It  can  be  further  noted  from  the  normalized 
mean  scalar  field  shown  in  Figure  7  and  the  spatial 
correlations  shown  in  Figure  12  that  the  radial  integral 
length  scale  is  close  to  half  the  jet  width.  As  indicated  earlier, 
the  jet  width  is  defined  as  the  distance  between  radial 
locations  at  which  the  scalar  has  decreased  to  half  the 
maximum  value. 


5 .  CONCLUSIONS 

Experiments  in  a  3  MW  natural  gas  flame  have  shown 
that  Planar  Mie  scattering  visualization  is  a  simple  and 
effective  tool  for  mixing  characterization  in  semi-industrial 
scale  flames.  The  fast  and  irreversible  chemistry  approach  is 
well  suited  to  relate  the  number  density  of  inert  seeding 
particles  in  a  combusting  natural  gas  jet  to  a  conserved  scalar. 
Computer  analysis  of  large  ensembles  of  instantaneous 
images  allowed  the  extraction  of  many  time-averaged 
parameters  which  include  the  mean  and  fluctuating  conserved 
scalar  field,  the  average  scalar  dissipation  field,  the 
unmixed  ness  and  intermittency  factors,  and  the  scalar  spatial 
correlations.  Two  main  limitations  in  the  method  presented 
can  be  identified.  One  is  the  lack  of  measurement  accuracy  in 
the  low  mixture  fraction  range  which  limits  the  usability  of 
the  technique  to  the  fuel  rich  zone.  The  second  limitation  is 
the  difficulty  of  resolving  the  smallest  scales  of  turbulence. 
This  is  mostly  a  concern  when  measuring  parameters  such  as 
the  scalar  dissipation  which  has  a  diffusion  scale  close  to  the 
Kolmogorov  length  scale. 

Despite  these  limitations  on  spatial  resolution  and 
absolute  accuracy,  the  planar  Mie-scattering  visualization 
technique  provides  unprecedented  insight  in  the  mixing 
characteristics  of  large  scale  natural  gas  flames.  It  should 
prove  a  valuable  tool  for  assessing  and  comparing  the  mixing 
characteristics  of  semi-industrial  natural  gas  burners. 
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ABSTRACT 

Laser  diagnostics  were  utilized  to  study  the  develop¬ 
ment  of  large-scale  structures  and  their  break-down  into 
fine-scale  turbulence  in  nonreacting  and  reacting  shear 
layers.  Of  particular  interest  were  shear-flow/combustion 
interactions  to  provide  the  basic  understanding  far  passive 
and  active  combustion  control.  The  paper  describes 
accomplishments  in  three  projects  which  were  performed 
(1)  investigation  of  the  three-dimensional  interactions 
between  large-scale  span  wise  vortices  and  stream  wise  vor¬ 
tices.  (2)  control  of  soot  formation  by  acoustic  facing  of 
air  and  fuel  flow,  and  (3)  identification  and  control  of  large- 
scale  structures  in  supersonic  jets. 


1.  INTRODUCTION 

Reacting  turbulent  jets  are  governed  by  the  inter¬ 
action  of  fluid  dynamics,  chemical  reaction  and  heat  release 
(Broedwell  and  Dimotakis,  1986).  The  fluid  dynamics 
involved  in  these  types  of  flows  are  related  to  a  mixing 
layer  flow  which  is  governed  by  large-scale  vortices.  The 
roll-up  and  growth  of  these  vortices  arc  determined  by 
instability  forces  and  mutual  interactions  (Brown  and 
Roshko,  1974).  The  large-scale  structures  entrain  flow 
from  the  two  sides  of  the  shear  layer  and  mix  the  flow  at 
both  large  and  small  scales,  leading  to  the  molecular  mix¬ 
ing  necessary  fa  reaction.  The  development  of  large-scale 
vortices  in  the  shear  layer  is  influenced  by  die  reaction 
through  heat  release  and  density  gradients.  In  turn,  the 
vorticity  controls  the  reaction  by  the  turbulent  mixing 
process  (Mungal  and  Dimotakis,  1984). 

In  a  plane  mixing  layer,  the  development  of  three- 
dimensional  small-scale  fluctuations  could  be  related  to  the 
stream  wise  vortices  which  have  beer,  shown  to  develop 
concomitantly  with  the  spanwise  large  coherent  structures 
(Bernal,  1981  and  Metcalfe  et  al,  1987).  In  axisymmetric 
flames,  this  process  is  associated  with  coherent  axisym¬ 
metric  vortices.  Browand  and  Laufer  (1975)  observed  the 
formation  of  four  to  nine  lobes  in  a  circular  jet  and  sug¬ 
gested  that  the  disintegration  of  the  large  structures  into 
small-scale  turbulence  is  due  to  the  amplification  of  the 
azimuthal  instability. 


The  evolution  of  azimuthal  structures  on  coherent 
initially  axisymmetric  vortices  was  observed  both  in  cold 
flow  (Browand  and  Laufer,  1975)  and  reacting  flows  in 
flames  (Chen  and  Roquemore,  1986,  Settles,  1985,  and 
Gutmark  et  al,  1989a). 

The  present  pap er  describes  two  and  three-dimensional 
near  field  structure  of  a  reacting  jet  using  Planar  Laser 
Induced  Fluorescence  (PLIF).  The  evolution  of  this  flow 
and  its  interaction  with  the  combustion  process  are  not 
fully  understood.  The  understanding  of  this  process  is 
important  for  practical  application  such  as  the  mechanism 
leading  to  combustion  instability,  and  can  help  in  develop¬ 
ing  methods  fa  enhancing  energy  release  and  reducing  the 
formation  of  soot. 

For  soot  formation  control,  an  annular  diffusion 
flame  was  used  which  allowed  independent  acoustic  facing 
of  the  central  air  and  circumferential  fuel.  The  forcing 
introduced  coherent  vortices  into  the  flow  and  allowed 
complete  control  of  fuel  injection  into  the  vortex  shedding 
process. 

The  relation  between  soot  formation,  the  vortical 
structures,  and  fuel  injection  location  during  active  control 
of  this  flame  was  investigated  using  advanced  diagnostics, 
such  as  PLIF  (Planar  Laser  Induced  Fluorescence)  and  PIV 
(Particle  Imaging  Velocimetry).  The  diagnostics  were 
phase  locked  to  the  vortex  evolution  cycle.  This  allowed 
the  entire  time  evolution  of  the  mixing  and  combustion 
processes  to  be  imaged. 

Laser  diagnostics  are  also  an  important  tool  in  super¬ 
sonic  flow  research.  Since  large-scale  vortical  structures 
and  their  dynamics  play  a  central  role  in  turbulent  incom¬ 
pressible  mixing,  considerable  research  effort  has  been 
directed  toward  identifying  similar  structures  in  compress¬ 
ible  shear  layers.  Fa  large-scale  structure  studies  in  com¬ 
pressible  shear  layers,  planar  visualization  is  an  essential 
tool  because  naturally  occurring  structures  are  often  three- 
dimensional  and  poorly  organized.  Thus,  laser-assisted 
flow  visualization  techniques  are  well  suited  for  such 
studies. 

A  planar  Mie-scattering  technique  was  used  in  visual¬ 
izing  Mach  2  jets  which  were  discharged  either  freely  or 
inside  a  co-flowing  Mach  1 .3  jet  The  objectives  were  to 
identify  large-scale  structures  in  the  initial  shear  layers  of 
supersonic  jets  and  to  develop  new  means  fa  controlling 
the  large-scale  structures. 
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2.  EXPERIMENTAL  SET-UP 
2.1  3-D  Imaging 

A  system  for  PLIF  imaging  of  OH  radicals  in  flames 
using  a  XeCl  excimer  laser  at  308  nm  was  used  (Fig.  1) 
(Gutmark  et  al,  1989b).  The  laser  beam  was  expanded  into 
a  planar  sheet,  passed  through  the  flow  perpendicular  to  the 
axis  for  azimuthal  structures  measurements.  The  reso¬ 
nance  fluorescence  from  OH  was  imaged  with  a  gated 
intensified  diode  array  camera.  The  sheet  was  approxi¬ 
mately  0.S  mm  wide. 


Fig.  1.  Experimental  Set-Up  For  PLIF  Imaging  in  2-D. 

The  air  issued  at  a  velocity  of  S  m/s  from  a  22  mm 
diameter  circular  nozzle  yielding  a  Reynolds  number  in  the 
range  of 350  to  4000,  based  on  the  shear  layer  thickness, 
exit  velocity,  and  the  kinematic  viscosity  of  the  air  at 
room  temperature.  Propane  was  injected  circumferentially 
around  the  air  jet  nozzle  into  the  initial  shear  layer,  via  24 
1.6  mm  diameter  holes,  on  a  23.5  mm  diameter  circle, 
which  are  slightly  angled  into  the  shear  layer.  The  fuel 
exit  velocity  was  0.2  m/sec.  The  initial  rms  level  mea¬ 
sured  at  the  exit  of  the  nozzle  on  the  centerline  was  3.6 
percent 

The  flow  was  excited  by  a  set  of  four  speakers 
mounted  in  an  acoustic  resonating  chamber  which  was 
used  as  a  settling  chamber  as  weU.  The  speakers  were 
driven  at  controlled  frequencies  and  amplitudes  using  a  dual 
phase  locked  loop  and  audio  power  amplifier.  To  construct 
the  turbulent  structure  at  a  specific  phase,  the  laser  system 
was  phase  locked  to  acoustic  excitation  of  the  flame  iet 
The  phase  angles  between  the  forcing  signal  and  the  laser 
could  be  varied  in  a  full  cycle  range.  The  speakers  force, 
and  phase  lock,  only  the  longitudinal  mode  of  the  jet 

The  azimuthal  structure  was  stabilized  by  vortex  gen¬ 
erators  in  the  jet  boundary  layer  upstream  of  the  exit. 
Previous  experiments  (Gutmark  et  al,  1989a)  showed  that 
the  preferred  azimuthal  structure  has  a  five-fold  symmetry. 
Therefore,  a  set  of  five  pairs  of  split  delta-wings  were 
installed  at  the  exit  Two  configurations  of  wings  were 
tested  One  generates  "mushroom"  like  vortices  and  the 
other  a  "delta  wing"  type  vortex  pair.  The  triangles  form¬ 
ing  the  semi-delta  wing  had  a  base  of  4  mm  and  an  apex 
angle  of  30°. 

2.2  Soot  Control 

The  apparatus  diagram  for  the  soot  control  experi¬ 
ments  in  shown  in  Fig.  2.  The  diffusion  flame  burner  was 
the  same  as  the  one  used  for  the  3-D  visualizations.  It  was 


forced  at  a  Strouhal  number  of  0.73  (100  Hz)  by  a  single 
acoustic  driver,  and  a  coaxial  fuel  injection  ring  fed  by  a 
plenum  forced  by  two  acoustic  drivers  at  either  100  Hz 
(single  phase  injection)  or  200  Hz  (dual  phase  injection). 
The  fuel  to  air  ratio  was  varied  from  0.8  to  1.4  to  simulate 
differing  soot  formation  conditions.  The  centerline  veloc¬ 
ity  at  the  nozzle  exit  was  3.0  m/sec;  the  unforced  (natural) 
rms  was  4.5%,  the  forced  rms  was  30%.  The  Reynolds 
number  based  on  the  exit  diameter  was  3700. 


A  Nd+3-YAG  pumped  dye  laser  with  nonlinear  crys¬ 
tal  doubling  was  tuned  either  on  or  close  to  (but  off)  the 
(1,0)  A-X  transition  of  OH  radicals  located  near  283  nm 
and  two  cameras  simultaneously  monitored  selected  com¬ 
binations  of  two  of  four  scalars:  OH,  soot,  fuel,  and  air. 
The  pairs  of  scalar  images  were  combined  into  four  scalar 
images  by  making  use  of  the  phase  locked  imaging. 

Table  1  shows  the  permutations  of  scalar  measure¬ 
ments.  The  two  cameras  used  were  a  Xybion™  ISG-240 
gated  image  intensified  752  x  480  CCD  and  a  gated  inten¬ 
sified  Reticon™  100  x  100  diode  array.  Both  cameras  were 
gated  for  about  50  nsec  to  encompass  the  laser  pulse  but 
reject  flame  chemiluminescence.  The  flows  were  tagged 
with  either  fine  sugar  particles,  monitored  with  Mie  scatter 
using  an  283  nm  interference  filter,  or  with  acetone,  moni¬ 
tored  via  laser  induced  fluorescence  (Lozano  et  al,  1992). 
Acetone  has  a  broad  absorption  peak  centered  at  275  nm; 
when  pumped  at  283  nm  it  produces  a  broad  induced  fluo¬ 
rescence  peak  centered  at  400  nm  and  extending  from  320 
nm  to  about  600  nm.  Acetone  PLIF  was  monitored  with 
a  400  nm  interference  filter  having  a  65  nm  FWHM.  OH 
was  imaged  via  fluorescence  from  the  (1,1)  A-X  band 
selected  using  a  31 1  nm,  10  nm  FWHM  interference  filter, 
and  soot  was  monitored  using  Mie  scatter  at  283  nm. 

Images  from  the  two  gated  cameras  were  acquired 
using  two  computers,  a  transient  digitizer,  and  frame 
grabber. 

Instantaneous  phase  sampled  velocity  vector  fields 
were  measured  in  cold  flow  using  a  PIV  setup.  PIV  is  the 
measurement  of  local  flow  velocities  by  following  the 
movement  of  seed  particles  with  time.  The  light  source 
was  an  unmodulated  fiber  optic  microscope  illuminator 
(tungsten  incandescent  bulb).  Timing  was  controlled  by 
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Table  1.  Test  Conditions. 
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Egggi5»  mmmmm 

on 

on 

off 
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on 
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on 
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gating  the  Xybion™  camera.  The  output  of  the  fiber  optic 
illuminator  was  loosely  focused  into  a  relatively  wide 
(S  mm)  light  sheet  using  a  cylindrical  lens. 

The  flow  associated  with  this  flame  is  highly  com¬ 
plex  due  to  the  strong  vorticity  and.  it  turns  out,  strong 
entrainment,  leading  to  regions  of  reversal.  Therefore  the 
PIV  technique  had  to  allow  for  resolution  of  the  direction 
ambiguity.  The  camera  was  gated  with  a  dash-dot  pattern. 
Thus  the  particle  track  images  consist  of  lines  followed  by 
dots  making  direction  analysis  unambiguous. 

Powdered  milk  sieved  to  below  74  m  was  utilized  for 
seeding  in  the  cold  flow  tests. 

2.3  Supersonic  Jets 

The  blow-down  supersonic  jet  stand  is  shown  in  Fig. 
3.  Axisymmetric  converging-diverging  nozzles  were  used. 
The  exit  design  Mach  number  was  2.0  for  the  inner  nozzle 
when  the  specific  heat  ratio  7  of  the  gas  was  between  1.3 
and  1.3.  The  outer  nozzle  design  Mach  number  was  1.3 
for  gases  with  7  in  the  similar  range.  Either  air  or 
ethylene-oxygen  combustion  products  were  used  for  the 
inner  jet  When  combustion  products  were  used,  nitrogen 
was  added  to  control  the  exit  temperature  and  7.  The  outer 
jet  used  only  air. 

The  near  field  of  supersonic  jets  was  visualized  for 
four  different  cases.  Table  2  shows  the  flow  conditions 
which  include  the  Mach  number  (Ma),  exit  temperature  (T) 
and  specific  heat  ratio  (7)  for  the  jets  and  the  convective 


Fig.  3.  Supersonic  Coaxial  Jet  Set-Up. 


Mach  number  (Me)  for  the  shear  flow.  The  convective 
Mach  numbers  are  based  on  the  velocity  difference  between 
the  free  streams  and  the  large-scale  structures  (Bogdanoff, 
1983,  and  Papamoschou  and  Roshko,  1988). 

The  inner  jet  was  seeded  with  condensed  ethanol 
droplets  (Clemens  and  Mungal,  1991)  for  cold  nonreacting 
flows  and  0.3  pm  aluminum  oxide  (AI7O3)  particles  for 
hot  reacting  flows.  The  amount  of  seeding  varied  depend¬ 
ing  on  the  flow  conditions  but  the  total  mass  flux  of  the 
seed  material  was  less  than  0.S  %  of  the  inner  jet  gas  flow. 
For  typical  cases  the  calculated  number  density  was  in 
excess  of  104  particles/ mnr. 

A  copper  vapor  laser  (20  nsec  pulses;  4  mJ /pulse; 

311  and  578  run)  was  used  as  the  light  source.  The  laser 
beam  was  shaped  into  a  thin  sheet  and  was  traversed  across 
the  jet  along  die  center  axis  illuminating  a  cross  section. 

A  CCD  camera,  mounted  at  a  perpendicular  angle  from  the 
laser  sheet,  was  used  to  collect  the  seed-particle-scattered 
light. 


3  RESULTS  AND  DISCUSSION 
3.1  Three  Dimensional  Imaging 

The  three-dimensional  image  of  the  phase-locked 
structures  was  reconstructed  from  multiple  planar  slices 
measured  at  different  axial  locations.  Using  this  technique 
it  was  possible  to  follow  the  generation  of  streamwise 
vortices  in  the  braid  region,  their  growth  and  subsequent 
interaction  with  the  large-scale  spanwise  vortices. 

The  streamwise  vortices  which  were  generated  by  the 
semi-delta  wings  had  a  strong  effect  on  the  flow  structure. 
Figure  4  shows  the  two-dimensional  images  of  radial 
cross-sections  of  the  jet  obtained  at  increasing  axial  dis¬ 
tances  from  the  flameholder.  The  initial  "braid"  region 
acquires  a  pentagonal  shape  due  to  the  flow  induced  by  the 
streamwise  vortices.  The  shape  of  these  vortices  become 
more  evident  as  the  axial  distance  grows  and  the  axial 
vortices  develop  (x/D  =  0.62).  A  close-up  phase-averaged 


Table  2.  Flow  Conditions 


Case 

Mai 

Inner  Jet 
Ti  (K) 

*1 

Ma2 

Outer  Jet 
T2(K) 

*2 

Shear  Flow 

Met  Mc2 

1 

2.0 

160 

1.4 

1.3 

210 

1.4 

0.23 

0.23 

2 

2.0 

1800 

1.3 

1.3 

220 

1.4 

1.16 

1.10 

3 

2.0 

160 

1.4 

0 

300 

1.4 

0.85 

0.85 

4 

2.0 

1300 

1.3 

0 

300 

1.4 

1.36 

1.31 

6.2.3. 


figure  of  the  stieamwise  vortices  is  shown  in  Fig.  5.  The 
"mushroom"  shape  of  the  sueamwise  vortex  is  evident  in 
the  image.  Moving  further  downstream  into  the  spanwise 
vortex  region,  x/D  =  0.94  (Fig.  4),  it  becomes  pinched  off 
with  a  five-fold  symmetry,  which  is  related  to  the  longitu¬ 
dinal  structures.  The  interaction  between  the  stream  wise 
vortices  and  the  spanwise  coherent  structures  results  in  a 
deformation  of  the  latter  and  then  breakdown  to  smaller 
scales.  Studying  the  variation  of  the  stack  of  radial  slices 
along  the  axis  shows  the  three-dimensional  character  of 
this  jet 
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(vtoa.iub 
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Fig.  4.  Multiple  Axial  Planar  Cross-Section  Used  to 
Reconstruct  a  3-D  Image.  Azimuthal  structure 
stabilized  by  semi-delta  wing  ("mushroom"  type 
vortex).  Spanwise  structure  forced  at  St  =  0.49. 


3-D  images  of  the  flow  were  constructed  from  20 
two-dimensional  planar  images  using  Stans  Surf  rendering 
software  (Wu  and  Hesselink,  1988).  The  perspective 
views  of  the  flames  forced  by  the  "mushroom”  type  vor¬ 
tices  and  by  the  "delta"  type  vortices  are  shown  in  Figs.  6 
and  7,  respectively.  The  rendering  was  done  using  the 
phase-averaged  set  of  data,  resulting  in  a  relatively  smooth 
interpolated  surface.  The  transition  from  the  sueamwise 
structures  to  the  spanwise  pinched  vortices  is  clear  in  these 
images.  There  are  some  differences  between  the  two 
flames  structures  due  to  the  two  types  of  vortex  generators. 
However,  the  coherence  of  both  the  spanwise  and  sueam¬ 
wise  structures  obtained  by  using  the  combined  active  and 
passive  forcing  is  sufficient  to  obtain  a  consistent  struc¬ 
ture.  The  roll-up  location  and  the  spatial  positioning  of 
the  bulges  and  ridges  remain  essentially  fixed  in  space. 
This  fact  suggests  that  the  stabilization  by  the  vortex  gen¬ 
erators  and  the  forcing  was  highly  efficient. 


Fig.  S.  Close  Up  Cross  Sectional  Cut  in  Sueamwise 
"Mushroom"  Type  Vortices  in  "Braid"  Region. 


Fig.  6.  Phase  Averaged  3-D  Image  of  the  Azimuthal 
Structures  in  the  Flow,  With  Sueamwise 
"Mushroom"  type  vortices. 


Fig.  7.  Phase  Averaged  3-D  Image  of  the  Azimuthal 

Structures  in  the  Flow,  With  Sueamwise  "Delta 
type"  vortices. 
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Horizontal  cut  (Fig.  8)  through  the  center  of  the 
spanwise  structures  shows  die  pinched  structure  with  reac¬ 
tion  zones  only  at  the  outer  pahs  of  the  vortex,  where  the 
high  turbulence  level  concentrates. 


Fig.  8.  Horizontal  Cut  Through  the  Phase  Averaged  3-D 
Image  of  the  Azimuthal  Structures  in  the  Flow, 
With  Stream  wise  ’Mushroom"  type  vortices. 

3.2  Control  of  Soot  Formation 

Since  the  downstream  soot  production  is  controlled 
by  upstream  mixing  we  undertook  imaging  at  a  magnifica¬ 
tion  level  high  enough  to  follow  the  mixing  process 
within  the  first  vortex  formation  region.  Results  from  the 
simultaneous  dual  parameter  PLIF  measurements  are 
shown  in  Figs.  9  through  12.  Two  sets  of  experiments 
were  performed  to  control  the  soot  formation.  In  the  first 
set  (Figs.  9  and  10)  the  fuel  was  injected  once  in  every  air 
vortex  cycle.  This  method  was  successful  in  soot  reduc¬ 
tion  but  did  not  enhance  the  energy  release.  In  the  second 
set  (Figs.  11  and  12)  the  fuel  was  injected  twice  per  air 
vortex  cycle.  It  resulted  in  a  decrease  in  soot  and  an 
increase  in  energy  release  as  measured  with  average  tem¬ 
perature  profiles  (not  shown). 

The  frames  of  Fig.  9  (single  phase  injection)  show 
that  for  the  low  soot  fuel  phase  angle  the  fuel  is  injected 
into  the  incipient  vortex  rollup  and  homogeneously  mixed 
with  the  air  vortex  yielding  intense  reaction  downstream  as 
shown  by  the  OH  region  above  the  vortex  area.  The 
dynamic  sequence  (computer  generated  movie)  showed  this 
even  more  clearly  than  the  still  images.  The  images 
corresponding  to  the  high  soot  flame  (Fig.  10)  and  the 
corresponding  movie  show  that  when  the  fuel  is  injected 
out  of  phase  with  the  air  vortex  cycle,  the  air  vortex  for¬ 
mation  is  partially  inhibited,  and  the  fuel  remains  unmixed 
in  pockets  between  air  vortices  resulting  in  alternating 
regions  of  high  and  low  stoichiometry.  This  leads  to  poor 
combustion  and  high  soot  production.  The  reaction  region 
as  indicated  by  the  OH  is  primarily  at  the  external  shear 
layer  of  the  jet  where  the  fuel  is  mixed  with  the  external 
air.  This  flame  has  a  very  high  sooting  level,  which  was 
not  clearly  visualized  in  Fig.  10  as  the  soot  was  concen¬ 
trated  above  the  field  of  view  of  the  images. 

Figures  1 1  (low  soot  phase  angle)  and  12  (high  soot 
phase  angle)  show  the  results  for  dial  phase  injection. 

Fuel  is  injected  twice  per  air  vortex  shedding.  Figure  1 1 , 
low  soot  case,  shows  that  the  first  fuel  injection,  which  is 
synchronized  with  the  formation  of  the  incipient  vortex, 
mixes  homogeneously  and  initiates  intense  combustion 


downstream  of  the  vortex.  The  second  injection  penetrates 
the  jet  and  brings  the  fuel  into  the  lean  combustion  prod¬ 
ucts  of  the  prior  vortex.  The  process  therefore  emulated 
staged  combustion  without  mechanical  stages.  This  con¬ 
figuration  leads  to  high  soot  reduction  as  well  as  and 
increase  in  energy  release  rate  close  to  the  flame  holder  (as 
evidenced  by  thermocouple  profiles). 


Fig.  9.  PLIF  and  Mie  Images  From  Single  Phase 

Injection  for  Low  Soot  Case,  (a)  Air,  (b)  Fuel, 
and  (c)  OH. 


Fig.  10.  PLIF  and  Mie  Images  From  Single  Phase 

Injection  for  High  Soot  Case,  (a)  Air,  (b)  Fuel, 
and  (c)  OH. 
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Fig.  11.  PLIF  and  Mic  Images  From  Dual  Phase 

Injection  for  Low  Soot  Case,  (a)  Air,  (b)  Fuel, 
and  (c)  OH. 


Fig.  12.  PLIF  and  Mie  Images  From  Dual  Phase 

Injection  for  High  Soot  Case,  (a)  Air,  (b)  Fuel, 
(c)  OH,  and  (d)  Soot. 


The  injection  sequence  which  results  in  a  highly 
sooting  flame  (Fig.  12)  occurs  out  of  phase  with  the  air 
vortex  formation.  The  First  fuel  injection  misses  the  air 
vortex  and  stays  unmixed  while  also  partially  suppressing 
the  roll-up  of  this  air  vortex.  The  second  fuel  injection 
enters  the  void  between  the  air  vortices  and  stays  separated 
from  the  air.  The  rich  mixture  results  in  the  formation  of 
soot  at  this  point  as  shown  by  the  black  spots. 
Temperature  profiles  also  show  the  energy  release  rate  to 
be  lower  in  this  case. 

Later  experiments  showed  that  a  portion  of  the  soot 
reduction  effect  seen  in  the  experiments  was  caused  by 


strong  entrainment  of  surrounding  air  with  subsequent 
reductic.i  in  the  fuel  to  air  ratio.  The  dual  phase  case, 
especially,  creates  high  periodic,  and  even  high  net 
entrainment  just  above  the  nozzle  exit  plane.  Figure  13 
shows  the  PIV  measured  cold  flow  velocity  vector  field 
map  under  the  low  soot  case  of  dual  injection.  The  vortic- 
ity  is  clearly  evident.  Also  evident  is  a  very  strong 
entrainment  of  surrounding  air  at  the  base  of  the  flame 
under  the  first  vortex.  The  average  centerline  velocity  is 
about  3.S  m/sec  yet  the  net  average  entrainment  velocity 
near  the  exit  is  as  high  as  1  m/sec.  The  entrainment  under 
the  second  vortex  is  much  weaker  due  to  a  stagnation 
region  from  centerline  flow  moving  outward  between  the 
vortices. 


Velocity  Field 


0.0  0.2  0.4  0.6  0.8  1.0 


Fig.  13.  PIV  Measure  Velocity  Vector  Field  for  Dual 
Phase  Injection,  Low  Soot  Case. 

3.3  Large-Scale  Structures  in  Supersonic  Jets 

The  supersonic  jets  were  visualized  using  Mie-scauer- 
ing  technique  and  the  large-scale  structures  were  identified 
from  the  images.  Figure  14  shows  the  coaxial  jet  images 
corresponding  to  Cases  1  and  2.  Large-scale  structures  are 
much  more  coherent  at  the  lower  convective  Mach  number 
(Case  1).  By  applying  Fourier  transform  to  the  digitized 
intensity  along  the  streamwise  direction,  it  was  possible  to 
quantify  the  wavelength  of  the  coherent  structures.  Figure 
IS  illustrates  how  the  streamwise  wavelength  was  deduced 
from  the  spectral  peaks. 

The  coherent  structure  wavelength  increased  with  the 
inner  nozzle  lip  thickness.  The  dependence  was  nearly  lin¬ 
ear.  The  results  were  normalized  with  the  wake  character¬ 
istic  parameters  yielding  Strouhal  frequency,  St  = 
tUcAU«,  where  t  is  the  lip  thickness,  Uc  is  the  coherent 
structure  convection  velocity,  X  is  the  wavelength,  and  U„ 
is  the  free  stream  velocity.  Among  the  five  different  lip 
thicknesses  that  were  tested,  the  lip  thickness  of  2.0  mm 
resulted  in  "best"  organized  structures  with  highest  spectral 
peaks. 

The  total  pressure  profiles  were  measured  at  a  distance 
of  1.5  mm  downstream  of  the  nozzle  exit  plane.  Average 
velocity  profiles  for  the  wake  flow  downstream  of  the  lip 
were  obtained  from  the  pressure  profiles.  A  linear  stability 
analysis  was  performed  for  the  shear  flow  profiles  at  each 
side  of  the  wake  using  the  two-dimensional  Rayleigh  equa¬ 
tion.  The  details  of  the  analysis  can  be  found  in  Gutmark 
et  al  (1993).  The  most  amplified  frequencies  from  the 
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stability  analysis  were  compared  with  the  wavelength- 
based  measurements,  and  the  results  are  shown  in  Fig.  16 
as  a  function  of  the  lip  thickness.  Near  the  lip  thickness 
of  2.0  mm,  there  was  a  particularly  good  agreement 
between  the  most  amplified  frequencies  and  the  measured 
frequency.  This  suggests  that  the  unusually  high  degree  of 
coherence,  found  in  the  large-scale  structures  for  this  condi¬ 
tion,  is  the  result  of  a  possible  resonant  interaction 
between  the  instabilities  associated  with  the  two  shear 
layers  and  the  Up-created  wake. 

Lastly,  a  passive  control  of  large-scale  structures  was 
demonstrated  in  free  jet  shear  layers  using  specially 
designed  cavities  which  were  placed  at  the  jet  exit  Figure 
17  shows  the  instantaneous  flow  images  for  natural  jets 
and  cavity-forced  jets.  There  was  a  significant  increase  in 
the  shear  layer  spreading  rate  with  the  cavity-actuated  forc¬ 
ing.  The  maximum  increase  was  about  50  to  300% 
depending  on  the  flow  condition. 


Fig.  14.  Planar  Mie-Scattering  Images  of  Supersonic 
Coaxial  Jets  Corresponding  to  (a)  Case  1,  and 
(b)  Case  2  Flow  Conditions. 


Fig.  15.  Spectral  Intensity  Map  Obtained  From  FFT 
Processing. 


Fig.  16.  Comparison  of  Most- Amplified  Shear  Layer 
Frequencies  With  Measured  Coherent  Structure 
Frequency. 


(») 


(b) 


(c) 


Fig.  17.  Comparison  of  Natural  Jets  at  (a)  Me  =  0.85  and 
(b)  Me  =  1.36  With  Cavity-Forced  Jets  at 
Corresponding  Flow  Conditions  (c)  and  (d). 
Respectively. 
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ABSTRACT 

The  application  of  modem  laser  diagnostical  measure¬ 
ment  technique*  far  combustian  research  in  earth-based  labora¬ 
tories  has  brought  essential  experimental  progress.  In  this  paper 
the  development  of  an  UV-laser  system  is  described,  which  for 
the  first  time  will  allow  the  application  of  two  rfinwngimmi 
laser  spectroscopic  measurement  techniques  for  experiments  at 
drop  tower  "Bremen".  The  laser  system  will  be  integrated  at  the 
top  of  the  drop  tower,  the  laser  beam  follows  the  falling  drop 
capsule  and  enters  it  from  above.  The  drift  between  capsule  and 
laser  beam  has  to  be  compensated  with  an  accuracy  in  the  sub- 
mm  range. 

Described  are  the  laser-,  control-,  detection-  and  data  ac¬ 
quisition  systems,  first  results  of  the  experimental  properties 
and  planned  applications  for  experiments  at  the  drop  tower 
"Bremen". 


1.  INTRODUCTION 

Combustion  experiments  under  buoyancy-free  conditions 
can  give  important  insight  into  the  detailed  physical  and  phys¬ 
ico-chemical  processes  of  combustion,  since  the  overlapping 
effect  of  buoyant  convection  can  be  eliminated  (Sacksteder 
1990).  As  a  representative  for  many  important  technical  prob¬ 
lems,  the  study  of  evaporation,  self  ignition  and  burning  of 
single  droplets  can  be  mentioned,  where  under  normal  gravity 
conditions  convections!  effects  prevent  detailed  investigation  of 
the  interacting  two-phase  processes.  Under  strongly  reduced 
gravity  conditions  these  processes  can  be  experimentally  inves¬ 
tigated  in  detail  (Kumagai  and  Isoda  1957,  Choi  et  al  1990, 
Sato  1993,  Chauveau  et  al  1994),  and  compared  with  detailed 
numerical  simulations  (Ristau  et  al  1993). 

Experiments  under  reduced  gravity  conditions  can  be 
conducted  in  orbiting  spacecraft,  in  parabolic  flights  and  in 
ground-based  drop  towers.  While  spacecraft  experiments  allow 
long  experimental  times  they  are  extremely  expensive  and  quite 
inflexible  compared  to  ground  based  facilities.  The  drop  tower 
in  Bremen  offers  experimental  times  of  4.7  seconds,  which  is 
sufficiently  long  for  droplet  combustion  experiments.  Residual 
acceleration  levels  are  below  lfr5  g°  (Dittus  and  Rath  1993). 

Up  to  now,  the  measurement  techniques  applied  to  these 
experiments  were  restricted  to  intrusive  probing  techniques, 


photography,  videofilming  and  interferometric  devices  (e.g. 
Tanabe  et  al  1994),  since  microgravity  facilities  provide 
strongly  restricted  limits  to  payload  mass,  volume,  power  con¬ 
sumption  and  mechanical  strength.  In  this  paper  an  advanced 
experimental  set-up  is  presented,  which  far  the  first  time  will 
allow  the  application  of  modem  laser  spectroscopic  measure¬ 
ment  techniques  such  as  two-dimensional  laser-induced  fluo¬ 
rescence  (e.g.  Kychakoff  et  al  1984,  Arnold  et  al  1989)  to 
strongly  reduced  gravity  combustian  experiments  at  drop  tower 
"Bremen".  Since  this  laser  system  might  have  wide  applications 
for  experiments  under  microgravity  in  different  fields  of  com¬ 
bustion  research  and  fluid  mechanics,  details  of  the  technical 
solution  are  presented  here. 


2.  DESIGN  BENCHMARKS 

Constraints  on  the  experimental  set-up  for  the  use  of  laser- 
spectroscopical  techniques  in  the  drop  tower  Bremen  are: 

-  Limited  space  and  load  in  the  drop  capsule  (diameter  70 
cm,  height  150  cm  and  load  up  to  200  kg  for  the  experimental 
arrangement). 

-  Sufficient  mechanical  stability  of  the  optical  and  electroni¬ 
cal  arrangement  During  the  deceleration  phase  the  drop  cap¬ 
sule  has  to  withstand  up  to  30  g.  Since  this  acceleration  force  is 
nearly  constant  over  a  0.2  second  period  (Dittus  and  Rath  1993) 
it  is  possible  to  use  carefully  adapted  standard  instrumentation. 

•  Since  an  UV-laser  system  cannot  be  integrated  in  the  drop 
capsule  the  laser  beam  has  to  be  directed  from  a  location  out¬ 
side  of  the  evacuated  tower  into  the  falling  drop  capsule.  For 
that  purpose  the  divergency  of  the  laser  beam  has  to  be  mini¬ 
mized  for  use  at  all  positions  along  the  trajectory  of  the  falling 
drop  capsule  from  5  to  1 15  m. 

-  The  drift  between  drop  capsule  and  laser  beam  has  to  be 
compensated  with  an  accuracy  in  the  sub-mm  range,  since  the 
light  sheet  must  be  focused  on  a  defined  position  within  the 
experimental  apparatus. 

-  The  data  acquisition  rate  must  be  as  high  as  possible,  since 
the  experimental  time  is  below  5  seconds  and  experiments 
cannot  be  repeated  very  often. 
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Fig.  1 :  Integration  of  the  UV-excimer  laser  system 
on  the  drop  tower  "Bremen" 


3.  TECHNICAL  SOLUTION 

Two  UV-excimer  laser  are  used  in  an  oscillator-  ampli¬ 
fier  arrangement  (Lambda  Physics  LPX  120i,  LPX  220i) 
equipped  with  an  external  narrowband  unit  using  a  tunable 
Littrow  grating.  With  this  equipment  high  repetition  rates  of 
230  Hz  can  be  combined  with  high  energies  up  to  350  mJ  per 
pulse  and  tunable  narrowband  properties  to  obtain  high  tempo¬ 
ral  and  spectral  resolution. 

The  laser  system  will  be  integrated  at  the  top  of  the  drop 
tower,  mounting  the  laser  to  the  inner  evacuated  drop  tube.  The 


laser  beam  follows  the  falling  drop  capsule  and  enters  it  from 
above  through  a  quartz  window  (Fig.  1).  Details  of  the  optical 
arrangement  are  shown  schematically  in  Fig.  2.  In  order  to  fix 
the  position  of  the  laser  beam  within  the  experimental  appara¬ 
tus  (e.g.  the  combustion  chamber)  with  an  accuracy  in  the  sub- 
mm  range  the  drift  between  capsule  and  laser  beam  has  to  be 
compensated.  Experiments  in  the  drop  tower  have  shown  that 
this  drift,  in  the  range  of  20  mm,  is  induced  by  oscillations  of 
the  concrete  drop  tower,  from  momentum  of  the  release 
mechanism  and  from  improperly  compensated  coriolis  farce. 
The  positioning  system  is  based  on  a  guiding  HeNe-laser  beam 
which  is  coupled  coaxially  into  the  optica]  path  of  the  excimer 
laser,  and  on  a  positioning  unit  at  the  top  of  the  drop  capsule. 
With  two  beam  splitter  plates  the  HeNe-laser  beam  is  directed 
on  two  planar  position  sensing  detectors  (PSD).  A  control  unit 
drives  two  motorized  mirrors  with  two  axes  of  rotation  each. 
Thus  the  lateral  and  the  angular  drift  between  the  drop  capsule 
and  laser  beam  can  be  compensated. 

In  order  to  minimi?*  the  divergency  of  the  laser  beam 
over  a  range  of  5  to  1 15  m  the  beam  is  widened  from  its  origi¬ 
nal  shape  of  about  5  x  20  mm  to  about  25  x  25  mm  by  means  of 
a  telescope,  since  diffraction-based  divergency  is  inversly  pro¬ 
portional  to  the  width  of  the  beam.  The  telescope  consists  of  a 
horizontally  arranged  cylindrical  lens  (f  *  -886  mm),  a  verti¬ 
cally  arranged  cylindrical  lens  (f  -  -250  mm)  and  one  spherical 


Fig.  2:  Schematics  of  the  optical  arrangement  at  the  top 
of  the  drop  tower  and  within  the  drop  capsule 
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Fig.  3:  Intensity  distribution  showing  the  beam  profile  of  the 
excuner  laser  beam,  focused  to  a  two-dimensional 
light  sheet  (a)  2  m  behind  the  laser,  (b)  100  m  be¬ 
hind  the  laser.  The  repetition  rate  of  the  laser  was 
200  Hz.  The  images  show  the  good  quality  of  the 
light  sheet 


lens  (fx  1000  mm).  Measurements  of  the  beam  profile  at  dis¬ 
tances  up  to  1 15  m  from  the  laser  show  that  the  width  is  always 
below  30  mm.  Spatial  fluctuations  in  the  beam  profile  are 
strongly  reduced  when  the  laser  beam  is  focused  to  a  two- 
dimensional  light  sheet,  using  a  suitable  cylindrical  telescope 
(ft  m  370  mm,/:  *  -  62  mm),  which  later  will  be  integrated  into 
the  drop  capsule  behind  the  positioning  unit  In  Fig.  3  single- 
pulse  examples  of  the  light  sheet  profiles  are  shown.  The  two- 
dimensional  light  sheet  has  a  height  of  about  23  mm  and  a 
width  below  500  pm  (FWHM). 

In  order  to  enable  the  investigation  of  rapid  instationary 
processes  like  auto  ignition  phenomena  within  the  drop  tinu»  of 
4.7  seconds  the  frame  rate  of  the  laser  diagnostic  system  is 
maximized  to  230  frames  per  second.  To  achieve  this  an  image 
mtenaified  CCD  camera  with  236  x  236  squared  pixel  (Dalsa) 
is  tuned  to  a  frame  rate  of  230  fiames  per  second.  Using  an  8 


bit  A/D  converter  with  18  MHz  sampling  rate,  a  high  speed 
video-interface  and  an  EISA  bus-based  PC  system  (486  DX)  up 
to  128  MBytes  data  can  be  stored  during  the  drop  time  directly 
on  the  random  access  memory  (RAM)  of  the  PC.  Image  acqui¬ 
sition  and  data  storage  equipment  are  integrated  within  the 
capsule.  Immediately  after  finishing  the  drop  experiment  the 
image  data  can  be  transferred  via  a  telemetry  line  to  a  large 
data  storage  outside  the  drop  tube.  From  here  a  first  evaluation 
of  the  obtained  raw  image  data  is  possible,  and  extensive  auto¬ 
matized  digital  image  processing  can  be  done. 

For  triggering  the  image  acquisition  system  by  the  laser- 
pulse  a  fast  UV-photodiode  is  used  within  the  drop  capsule. 
With  temporal  pulse-to-puise  fluctuations  (jitter)  of  the  laser 
below  3  ns,  a  pulse  length  below  20  ns,  a  temporal  drift  due  to 
the  moving  capsule  below  1  ns  per  pulse  and  a  gate  time  of  the 
image  intensifier  of  100  ns  it  is  possible  to  trigger  the  acqui¬ 
sition  of  an  image  with  the  previous  laser  pulse. 

First  applications  in  the  drop  tower  "Bremen"  are 
planned  for  experiments  on  droplet  ignition,  where  laser  in¬ 
duced  fluorescence  of  hydroxyl  radicals  can  give  important 
information  to  be  compared  with  detailed  numerical  simula¬ 
tions. 

Further  applications  might  be: 

-  2D-  Measurements  of  the  interaction  of  two  or  more 
droplets  during  ignition,  fa™  spread  and  burning,  which  is  an 
important  step  in  understanding  the  processes  of  spray  com- 
bustian. 

-  Measurement  of  the  flamefrant  structure  of  flat-plate  diffu¬ 
sion  flames  in  buoyant  free  surrounding  (Joulain  1993). 

-  1  D  -  Raman  /  Rayleigh  Spectroscopy  for  simultaneous 
measurement  of  different  major  species  and  temperature 
(Stainer  et  al  1990)  focusing  the  laser  sheet  to  a  focal  line  and 
using  an  OMA  system,  where  the  emission  wavelength  is 
measured  against  the  spatial  coordinate  with  high  temporal 
resolution. 

-  2D-  flowfield  measurements  like  particle  tracking  veloci- 
metry  (PTV,  e  g.  Barker  and  Foumey  1977)  or  laser  speckle 
velocimetry  (LSV,  e.g.  Merzkirch  1990,  Kemmerich  etal  1994) 
for  various  applications  in  fluid  mechanics  under  microgravity 
conditions,  where  small  seeding  particles  can  be  illuminated 
stroboscopically  with  the  planar  laser  light  sheet,  so  that  the 
two  velocity  components  in  this  plane  can  be  measured  simul¬ 
taneously. 

-  Use  of  the  UV  laser  beam  for  photochemical  processes  (e.g. 
photopolymerization)  under  microgravity  conditions  (Sturm  et 
al  1992). 
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ABSTRACT 

The  flow  field  generated  by  an  inclined  jet  coming  into  a 
cross  stream  of  lower  density  is  experimentally  investigated  by 
means  of  a  two  components  Laser  Doppler  Veiocimeter.  The 
similarity  parameters  are  selected  to  correctly  simulate  the  film 
cooling  characteristics  observed  in  a  high  pressure  gas  turbine. 
The  study  is  made  in  a  large  flat  plate  model.  The  density 
differences  between  the  coolant  and  the  main  flow  occuring  in 
the  turbine  are  simulated  by  using  a  mixture  of  air  and  a 
heavier  gas  at  the  injection.  The  experimental  apparatus,  the 
measurement  technique,  and  a  selection  of  the  obtained  results 
are  presented.  Special  emphasis  is  put  on  the  description  of  the 
apparatus  specifically  developed  for  the  present  work.  It  mainly 
concerns  the  coolant  flow  generation  as  well  as  the  seeding 
systems  for  the  jet  and  for  the  main  flow 


SYMBOLS 

I  Momentum  flux  ratio  (pjVj2/p0V02) 

M  Mass  flux  ratio  (PjVj/p0V0) 

R  Density  ratio 

Tu  Turbulence  Level 

Subscripts: 

i  At  the  injection 

o  Free  stream 


1.  INTRODUCTION 

The  flow  field  generated  by  a  jet  emerging  into  a  main 
stream  is  characteristic  of  many  cases  of  technological  interest, 
such  as  VSTOL  aircraft  aerodynamics  during  take-off  or 
landing,  the  mixing  process  taking  place  in  combustors,  the 
dispersal  of  pollutants  in  the  environment,  or  the  film  cooling 
of  gas  turbine  blades  and  combustion  chambers.  These 
applications,  among  others,  made  this  type  of  flows  the  subject 
of  many  experimental,  computational  and  theoretical  studies.  A 
summary  of  the  material  published  about  this  topic  was 
presented  by  Marganson  (1993).  In  most  of  the  above 
mentioned  applications  the  injected  and  mean  flows  have 
different  densities  This  difference  in  density  affects  the 


injected  flow  momentum  and,  consequently,  the  flow  field 
characteristics  are  modified  Despite  the  similarities  existing 
between  the  above  listed  applications,  the  variation  of  some 
parameters  may  drastically  change  the  character  of  this  type  of 
flows.  This  is,  for  instance,  the  case  of  the  injection  through  an 
orifice  in  a  wall  versus  the  injection  through  a  long  chimney 
into  the  atmosphere.  In  the  former  case  the  presence  of  the  wall 
and  the  interaction  between  the  injected  flow  and  the  incoming 
boundary  layer  strongly  characterize  the  flow  while  in  the  latter 
case  both  influences  simply  do  not  exist.  The  complex  topology 
of  the  main  flow  field  generated  by  a  jet  emerging  from  a  hole 
in  a  wall  into  a  cross  stream  has  been  described,  among  other 
authors,  by  Andreopoulos  and  Rodi  (1984).  The  description  of 
the  instantaneous  flow  field  corresponding  to  the  application 
under  investigation  in  the  present  contribution  is  given  bv 
Kelso  etal  (1993). 

An  experimental  study  on  this  type  of  flow  field  is 
presented  here.  Similarity  parameters  are  chosen  to  approach 
those  observed  in  the  cooling  of  high  pressure  gas  turbine 
blades.  In  a  gas  turbine  blade,  the  differences  in  temperature 
between  the  coolant  and  the  main  flow  can  produce  a  ratio  of 
densities  as  high  as  2.  In  the  present  investigation  this 
difference  on  densities  is  achieved  by  using  a  mixture  of  air 
with  a  heavier  gas  at  the  injection.  The  use  of  gases  with 
different  compositions  for  the  injection  and  the  mean  flows 
prevents  the  employ  of  hot-wires  to  perform  aerodynamic 
measurements  because  in  such  a  situation  the  hot  wire  heat 
transfer  depends  upon  more  than  one  independent  variable  The 
logical  choice  is  therefore  a  Laser  Doppler  Veiocimeter  A  two 
components  LDV,  provided  by  DANTEC,  was  used 


2  EXPERIMENTAL  APPARATUS 

The  Low  Turbulence  Win  Tunnel  (LT1)  of  the  von 
Karman  Institute  was  used  to  perform  the  present  experimental 
investigation.  It  is  an  aspirating  open  type  wind  tunnel  with  a 
0.35  m  x  0.8  m  x  2  m  test  section  The  test  surface  was  an 
instrumented  flat  plate,  installed  into  the  test  section  The 
injection  was  made  through  a  hole  drilled  along  the  central  line 
of  the  plate.  The  injected  fluid  was  a  mixture  of  air  with  a 
heavier  gas.  The  gas  selected  for  this  purpose  is  SF6  A 
schematic  view  of  the  installation  is  presented  in  Figure  I  The 
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Fig.  1  Generation  of  the  coolant  flow. 

mass  flow  and  density  of  the  mixture  could  be  independently 
selected  by  changing  the  flow  rates  of  the  air  and  the  SFg.  Two 
valves  were  used  to  regulate  these  flow  rates.  Each  valve  was 
mounted  in  series  with  a  heat  exchanger  and  a  flowmeter.  The 
heat  exchangers  were  used  to  reduce  the  drop  in  temperature 
caused  in  the  working  gases  by  their  expansion  from  the 
supply.  The  flowmeters,  of  the  laminar  type,  are  used  to  control 
the  flow  rates.  The  particles  seeding  system  will  be  described 
in  a  further  section. 

The  following  operating  conditions  were  selected. 

*  5  m/s  wind  tunnel  air  velocity. 

-  Ejection  hole  of  12  mm  of  diameter  and  inclined  35  degrees. 

-  4  x  10^  Reynolds  number 

•  9  mm  thick  incoming  laminar  boundary  layer. 

-  Turbulent  jet. 

-  1,  1.5  and  2  ejection  to  main  stream  density  ratios 

The  use  of  laminar  oncoming  boundary  layer  and  flow 
interacting  with  a  turbulent  jet  allows  an  easy  discrimination  of 
the  flow  region  affected  by  the  coolant  injection  by  measuring 
the  turbulence  intensity.  This  latter  will  be  the  only  parameter 
used  in  the  present  paper  for  the  discussion  of  the  results. 
Other  aspects  of  this  investigation  were  discussed  earlier  by  the 
present  authors  (1993).  Pietrzyk  et  al.  (1989)  and  Sinha  et  al. 
(1990)  performed  a  similar  investigation  but  they  considered  a 
turbulent  incoming  boundary  layer. 

The  measurements  were  made  with  a  two-component 
fiber  optic  LDV  system  from  DANTEC  This  system  was 
operated  in  a  two  color  mode  with  beam  wavelength  values  of 
514.5  run  and  488.0  nm.  It  was  driven  by  a  Spectraphysics 
2016  Argon  Ion  laser  with  a  5W  output  power.  A  frequency 
shift  of  40  MHz  was  introduced  in  one  beam  of  each 
component.  Two  burst  spectrum  analyzers  (BSA)  were  used  for 
Doppler  signal  processing  These  commercial  LDV  processors 
do  not  work  directly  on  the  Doppler  signal  but  on  its  power 
spectrum  Information  about  the  operating  principle  of  these 
processors  is  given  by  Lading  (1987) 

Measurements  with  the  LDV  system  were  performed 
for  different  coolant  flow  conditions  in  planes  normal  to  the  jet 


Since  the  generated  flow  field  is  clearly  three  dimensional,  all 
measurement  points  were  interrogated  two  times;  once  from 
one  side  of  the  test  section  and  once  again  with  the  optical 
probe  placed  inside  the  test  section,  downstream  of  the  ejection 
hole.  In  this  way  the  three  dimensional  flow  field  could  be 
quantified  with  a  two  components  measurement  system 
Unfortunately,  one  of  the  shear  stresses  could  never  be 
measured  with  this  procedure  while,  on  the  other  hand,  one 
velocity  component  and  one  normal  stress  were  measured 
twice.  Two  different  focusing  lenses  were  used  with  the 
emitting-receiving  optical  probe  A  lens  of  600  mm  focal  length 
was  used  to  measure  through  the  facility  lateral  wall  and  a 
second  lens  of 400  mm  focal  length  was  used  to  measure  inside 
the  test  section  The  first  lens  focal  length  allows  to  measure 
further  than  the  middle  of  the  test  section,  while  the  smaller 
diameter  of  the  second  lens  minimized  the  flow  perturbation 
and  the  blockage  effects  inside  the  facility  Two  independent 
traversing  mechanisms  were  developed  to  position  the  probe 
The  first  mechanism  was  placed  at  the  lateral  wall  and  the 
second  is  on  top  of  the  test  section.  Both  mechanisms  allowed 
the  positioning  of  the  probe  along  three  axis  The  positioning 
along  the  vertical  axis  was  electrically  controlled  whereas  the 
displacements  along  the  other  two  axis  were  performed 
manually.  The  displacement  precision  was  0  5  mm  following 
the  facility  main  axis  and  0.02  mm  along  the  other  two 
directions. 

Two  different  seeding  systems  were  simultaneously  in 
use  (Fig.  2).  One  seeded  the  air  in  the  mainstream  and  the 
other  seeded  the  gas  mixture  of  the  jet.  Both  seeding  system 
were  specifically  designed  for  this  application.  Special  care  was 
taken  in  obtain  similar  particle  size  distribution  and  density  of 
particles  in  both  seeded  flows.  A  bias  error  would  otherwise 
appear  in  the  measurements  along  the  mixing  layer  where 
particles  coming  from  both  generators  are  present.  The 
mainstream  seeding  was  made  with  small  dropplets  obtained 
by  condensation  of  propylene  glycol.  A  mixture  of  propylene 
glycol  and  air  was  sprayed  on  top  of  a  heated  plate  inside  the 
particle  generator.  The  vapor  was  collected  and  sent  through  a 
large  flexible  pipe  into  an  array  of  vertical  tubes  located  in 
front  of  the  inlet  of  the  wind  tunnel  These  tubes  were 
perforated  along  their  length  with  holes  of  4  mm  of  diameter, 
their  spacing  was  80  mm.  The  air-glycol  vapor  came  out 
through  these  holes  and  condensed  in  the  atmosphere  In  this 
way  a  cross  sectional  area  of  600  mm  x  600  mm  was  correctly 


Fig  2  Particle  generators 
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Fig.  3  Particle  size  distribution  in  normal  burning  of  incense. 

seeded.  The  second  particle  generator,  used  for  the  jet,  was 
an  incense  burner  modified  as  a  cyclone.  Normal  burning  of 
incense  produces  a  wide  range  of  particle  sizes  as  shown  in 
Figure  3.  The  air  entered  the  generator  tangential  to  the 
periphery  and  produced  a  cyclone  effect  to  suppress  all 
particles  except  the  ones  of  smaller  size.  The  particle  size 
distribution  of  both  seeding  systems  is  shown  in  Figure  4.  They 
were  measured  using  a  Phase  Doppler  Particle  Analyzer 
(PDPA)  from  Aerometrics.  The  close  similarity  between  both 
distributions  indicates  that  the  cyclone  in  the  incense  burner 
was  working  properly. 


3  RESULTS 


Fig.  4  Particle  distributions  in  the  jet  and  in  the  mainstream 

Measurements  were  performed  in  one  half  of  the  jet 
cross  section  at  several  positions  downstream  of  the  injection 
Three  different  jet  to  mainfiow  density  ratios  (1.0,  1.5  &  2.0) 
and  various  mass  flow  ratios  were  considered  The 
characterization  of  the  flow  field  within  each  measurement 
plane  was  obtained  after  composing  the  information  taken  from 
the  two  sets  of  measurements  (from  the  lateral  and 
downstream  probe  positions)  as  explained  before.  A  total  of  82 
cross  planes  were  surveyed,  corresponding  to  different 
streamwise  positions  or  different  flow  conditions  All  these 
measurements  were  summarized  in  a  graphical  data  base  to 
facilitate  the  data  analysis  and  allow  easy  comparisons  This 
graphical  data  base  has  been  published  earlier  by  the  first 


Fig.  S  Turbulence  intensity  along  the  meridional  plane  of  jets  with  diffemt  coolant  flow  configurations 
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measurements  were  taken  along  the  jet  meridional  plane  for 
different  coolant  flow  conditions 
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Fig  6  Turbulence  intensify  in  cross  sections  at  5  diameters 
downstream  o  the  injection  site. 

The  use  of  different  density  ratios  allowed  to 
distinguish  between  the  mass  flux  ratio  and  the  momentum 
ratio  effects  Figure  S  represents  the  turbulence  intensity  along 
the  jet  meridional  plane  for  four  different  flow  conditions  The 
two  cases  in  the  upper  part  correspond  with  jets  of  mass  flux 
ratios  (M)  equal  to  2.0  and  1.5,  and  density  ratios  (R)  equal  to 
2.0  and  1.0,  respectively.  The  only  flow  parameter  having 
similar  values  in  both  cases  is  the  momentum  flux  ratio  (I  =  2  0 
and  I  =  2.25  respectively)  Despite  the  apparent  differences  in 
the  flow  regimes,  the  turbulence  level  patterns  are  quite 


similar  The  two  cases  represented  in  the  bottom  of  the  figure 
correspond  to  mass  flux  ratios  (M)  equal  to  1.0  and  0  9,  and 
density  ratios  (R)  equal  to  2.0  and  1.5,  respectively  The 
represented  patterns  are  quite  similar,  the  momentum  flux  ratio 
is  again  conserved  in  both  cases  (1  =  0.5  and  I  =  0  54 
respectively).  Additional  flow  conditions  were  checked  and 
similarities  in  the  turbulence  level  distribution  w'ere  always 
found  when  the  momentum  flux  ratio  value  was  conserved  from 
one  configuration  to  the  other  It  was  therefore  concluded  that 
the  momentum  flux  ratio  is  the  parameter  that  correlates  in  the 
best  way  the  jet  penetration  mto  the  mam  stream. 


The  analysis  of  the  measurement  results  in  the  cross 
planes  indicates  that  the  momentum  flux  ratio  is  again  the 
parameter  which  provides  the  best  correlation  for  the  lateral 
spreading  of  turbulence  This  can  be  verified  in  Figure  6  which 
shows  isolines  of  turbulence  intensity  in  a  cross  section  located 
at  five  hole  diameters  downstream  of  the  injection  site  for  six 
different  jet  flow  conditions  Only  one  half  of  the  cross  section 
is  displayed,  the  vertical  axis  corresponds  to  the  meridional 
plane  of  the  jet.  Two  cases  are  considered  for  each  of  the  three 
values  of  density  ratio  used  in  the  present  investigation  (R  =  l , 
1 .5,  and  2).  The  density  ratio  (R),  the  mass  flux  ratio  (M),  and 
the  corresponding  momentum  flux  ratio  (I)  are  quoted  in  each 
graph.  There  are  three  cases  with  a  momentum  flux  ratio  value 
lower  than  unity,  and  all  three  present  a  turbulent  spot  growing 
on  the  side  of  the  jet  itself  This  turbulent  spot  is  present  in  all 
cases  characterized  by  a  momentum  flux  ratio  value  lower  than 
unity.  The  center  of  this  turbulent  spot  appears  at 
approximately  y/D=  1 . 3  andz/D=0.25,  and  is  still  identified  10 
diameters  downstream  of  the  injection  site  as  it  has  been  shown 
by  the  authors  (1993)  This  lateral  spreading  of  turbulence  is 
never  observed  to  be  present  in  configurations  with  momentum 
flux  ratio  values  greater  than  unity.  The  preceding  observations 
indicate  that  the  high  momentum  jets  break  through  the 
boundary  layer  and  produce  a  large  interaction  with  the  free 
stream,  while  low  momentum  jets  remain  confined  in  the  low 
levels  of  the  boundary  layer,  producing  a  wide  and  spreaded 
interaction  with  this  boundary  layer.  Figure  7  represents 
distributions  of  turbulence  level  at  x/D~20  for  two  cases  of 
single  jets  of  air  (R=l)  with  mass  flux  ratios  (M)  equal  to  0  5 
and  1.5  respectively  For  the  case  of  momentum  flux  ratio  value 
lower  than  one  (1=0.25),  the  turbulent  spot  present  at  x/D=5 
has  disappeared  Instead,  a  wide  lateral  spread  of  turbulence  is 
present  The  case  of  high  momentum  flux  ratio  (1=2  25) 
presents  the  perturbation  zone  that  extends  laterally  till 
y/D=2.5.  Outside  this  region  the  boundary  layer  remains 
laminar  The  difference  of  maximum  turbulence  intensity 
between  the  two  cases  is  less  than  2%  while  for  the  same 
conditions  at  x/D=5  (Fig  6)  this  difference  is  larger  than  5% 
This  observation  is  consistent  with  the  decay  and  increase  in 
uniformity  of  turbulence  intensity  observed  in  the 
measurements  in  the  z-x  plane  with  increasing  distance  from 
the  injection  site 
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Fig.  7  Turbulence  intensity  in  cross  sections  at  20  diameters  of 
the  injection  site. 


4  SUMMARY. 


An  experimental  investigation  on  a  subsonic  slanted 
circular  turbulent  jet  coming  from  a  wall  into  a  laminar  cross 
flow  of  lower  density  has  been  presented  in  this  paper. 
Measurements  were  taken  with  a  two  components  fiber  optic 
LDV  system.  Details  about  the  implementation  of  this 
hardware  and  about  the  two  particle  seeding  systems  developed 
for  this  investigation  have  been  also  presented.  Two  sets  of 
experimental  results  have  been  shown,  the  fust  one  represents 
measurements  taken  along  the  jet  meridional  plane,  and  the 
second  one  represents  measurements  along  the  jet  cross 
section.  The  analysis  of  the  data  indicates  that  the  momentum 
flux  ratio  is  the  parameter  that  correlates  in  the  best  way  the  jet 
penetration  into  the  cross  flow.  It  has  been  found  that  for 
momentum  flux  ratio  values  lower  than  one  the  jet  remains 
mainly  inside  of  the  boundary  layer  and  induces  a  lateral  spread 
of  turbulence  downstream  of  the  injection  location.  On  the 
contrary,  when  the  momentum  flux  ratio  value  is  larger  than 
one,  the  jet  breaks  through  the  boundary  layer  and  interacts 
with  the  main  flow.  In  this  latter  case  the  boundary  layer 
downstream  the  injection  remains  laminar  except  in  a  narrow 
region  near  the  jet  meridional  plane 
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SUMMARY 

Experiment*  were  conducted  in  a  k>w-*peed  wind 
tunnel  to  undentand  the  contrast  between  non-circular  and 
circular  turbulent  jet*  in  a  cross-flow.  The  investigation  involved 
flow  conditions  of  incompressible  momentum  jets  with  exit 
Reynolds  number  in  the  range  of  4300  to  9200.  The  study 
included  the  range  of  velocity  ratios  from  3.8  to  7.7  and  is 
confined  to  the  zone  of  established  flow.  The  time-mean  and 
statistical  characteristics  of  the  flow  field  were  measured  by  a  3- 
component  LDA.  The  study  revealed  that  the  flow  field  down 
stream  of  rectangular  deflected  jet  was  more  asymmetric  than  a 
circular  case  and  the  tendency  to  acquire  self-similarity  of  mean 
velocity  profiles  is  relatively  weak. 


1.  INTRODUCTION 

Turbulent  jets  discharging  from  circular  outlets  at  an 
angle  to  a  moving  stream  are  of  practical  significance  and  have 
received  a  reasonable  amount  of  attention  in  the  past  Rajaralnam 
(1976).  Examples  of  this  flow  can  be  found  in  waste  disposal  into 
water  bodies  and  the  atmosphere,  V/STOL  aircraft  in  transition 
flight,  and  turbomachinery.  Most  of  the  existing  work  on 
deflected  jets  was  concerned  with  the  interaction  of  a  circular  jet 
with  a  free  stream.  Kefier  and  Baines  (1963).  The  jet  issued 
either  from  an  exit,  set  flush  with  a  surface,  or  from  the  end  of 
a  pipe  immersed  in  the  stream.  However,  studies  on  non-circular 
jets  were  limited  to  either  qualitative  information  about  the 
associated  vortices,  Wu  tt  al  (1988),  or  deflected  jet  trajectories 
and  Ihe  plate  surface  pressure  distribution,  pertinent  to  the 
V/STOL  problem,  Wu  et  al  (1970). 

The  primary  objective  of  the  present  study  was  to 
distinguish  the  exit  geometry  effect  on  the  transverse  jet 
development  in  the  zone  of  established  flow  for  a  range  of  jet  to 
free  stream  velocity  ratios  R.  The  characteristic  properties 
studied  are  the  similarity  of  mean  velocity  profiles  and  turbulence 
intensity  distributions.  The  flow  field  being  very  complex,  but 
quasi  steady,  the  use  of  the  LDA  teems  most  appropriate  for 
measurement*. 

The  measured  instantaneous  velocity  data  in  the 
cartesian  system  were  convened  into  the  curvilinear  co-ordinates 
along  the  jet  centre  line  by  a  matrix  'ransformation.  By  this 


approach,  the  present  study  extracted  the  actual  jet  velocity  field 
from  this  strongly  three  dimensional  flow  domain,  in  a  direction 
orthogonal  to  the  trajectory.  The  discharge  coefficient  of  each  of 
the  nozzles  in  the  range  of  exit  jet  velocities  investigated  were 
obtained  from  laser  light  sheet  visualization  coupled  with  image 
processing. 

2.  EXPERIMENTAL  SETUP 

The  experimental  studies  were  conducted  in  a  low- 
speed  wind  tunnel  of  DLR-Gottingen.  This  tunnel  is  of  a  open- 
circuit  blowing  type-  It  had  a  rectangular  test  section  of 
dimensions,  43  cm  in  length  and  30  cm  x  30  cm  in  cross-section. 
Specific  features  of  this  tunnel  are  its  low  frec-stieam  turbulence 
level  and  the  ease  of  access  for  high  quality  flow  visualization. 

Figure  1  shows  the  present  experimental  setup.  Optical 
access  for  visualization  of  jet  cross-sections  and  LDA 
measurements  were  provided  through  a  plexiglass  wall  of  the  test 
section.  However,  in  order  to  illuminate  the  entire  flow  field 
along  the  direction  of  the  deflected  jet  trajectory,  the  light  sheet 
apparatus  was  initially  kept  at  the  downstream  end  of  the  tunnel 
as  shown  in  the  above  figure.  Using  this  arrangement  the 
deflected  jet  centre-line  was  obtained. 

The  jet  stream  was  supplied  with  air  flow  from  the 
compressed  air  system  available  in  Ihe  laboratory.  The  static 
pressure  and  temperature  of  the  flow  in  the  settling  chamber  of 
the  nozzle  were  continuously  monitored  by  a  pressure  sensor  and 
a  PT-100  temperature  probe.  This  way  the  conditions  at  the 
nozzle  exit  was  set  to  obtain  the  desirable  velocity  ratio  values, 
while  keeping  the  tunnel  flow  fixed  at  4.6  m/sec. 

To  minimize  the  tunnel  boundary  layer  effect  at  the  jet 
exit,  the  nozzles  were  flush  mounted  on  a  circular  flat  piste  with 
a  streamlined  edge  placed  2  cm  above  the  test  section  bottom  A 
10  mm  diameter  hole  in  the  centre  of  this  plate  accepted  different 
nozzle  blocks  which  could  fit  flush  with  the  plate  surface  It  was 
possible  to  rotate  Ihe  plate  and  get  different  orientations  of  the 
nozzle  with  respect  to  the  free  stream  flow  direction.  Figure  2 
U  may  be  noted  that  the  two  jet  exit  configurations  chosen 
represent  different  ratios  of  jet  perimeter  to  jet  width  with  respect 
to  the  deflecting  stream  Each  of  these  nozzles  possesses  an 
equivalent  physical  area  of  11.9  mm3  at  the  outlet  Reynolds 
number  for  the  respective  jets  were  based  on  the  corresponding 


7.3.1. 


effective  jet  diameter ,d.,  and  the  initial  velocity  at  the  exit  port. 


Alt)  SYSTEM 


Schematic  diagram  of  capcrimcntal 
setup  and  laser  light  sheet 
arrangement 


(b)  Circular 


Fift  2  1  Nozzle  outlet  configuration 
3.  MEASUREMENT  SYSTEM 

3.1  Three  Component  Laser  Doppler  Anemometer 

The  present  study  utilised  the  3-component  LDA 
(Ar.ion  laser,  4  W  )  system  of  DLR-Gotlingen.  Figure  3  shows 
schematically  the  optical  arrangement  of  this  dual  beam  LDA 
operated  in  back  scatter,  off-axis  mode  Butefiach  (1989).  The 
three  components  were  formed  by  the  individual  pairs  of  laser 
beam  colours  green,  blue,  and  violet.  The  details  of  the  LDA 
setup  are  aa  follows: 

Beam-intersection  angle,  2c,. I  2.,  =  8* 

Semi-angle  between  the  two  optical  axis,  ’♦',=  11 

Angle  between  the  horizontal  plane  of  the  measuring  platform 


and  the  measuring  plane  formed  by  one  pair  of  beams  arc. 
?*«.  =  90?  =  ij^,  =  0° 

Probe-volume  diameter,  <0.1  mm 
Probe-volume  length,  1^  =  0.5  mm 
Focal  length  of  the  transmitting  lenses  =  250  mm 
Beam-spacing  =  35  mm 
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Fig.  3;  Optical  arrangement  ot  the  three 
component  laser  dopplcr 
anemometer  of  the  OlR 

A  Bragg-shift  frequency  of  40  MHz  was  applied  to  one 
beam  of  each  component.  The  jel  flow  was  seeded  by  olive  oil 
particles  produced  by  an  aerosol  generator  attached  to  the  jet 
flow  system.  The  seeded  mean  particle  diameter  varies  in  the 
range  of  0.8  to  3  pm.  The  Doppler  shift  frequency  produced  by 
User  light  illuminating  the  solid  particle  moving  with  the  fluid 
was  measured  by  DSA-3000  series  signal  processor 

These  frequency  domain  signal  processors  use  high 
speed  analog  to  digital  converters  (ADC)  to  record  the  signal. 
After  removing  the  pedestal  component  of  the  Dopplcr  burst,  a 
burst  detection  scheme  was  utilised  to  locale  the  burst  signal 
which  is  recorded  and  stored  in  memory  A  Discrete  Fourier 
Transform  (DFT)  was  then  applied  to  determine  the  frequency  of 
the  signal,  provided  the  signal  satisfied  the  preset  signal  to  noise 
ratio  criteria. In  order  to  acquire  reliable  data,  the  correct  values 
of  the  instrument  parameters  were  set  based  on  the  initial 
estimate  of  the  expected  maximum  Dopplcr  frequency,  »4,  under 
the  existing  optical  arrangement  and  flow  conditions  Accord¬ 
ingly,  the  value*  for  low-pass  filter  settings  and  the  sampling 
frequencies  were  selected  by  keeping  abreast  with  the  entena  for 
avoiding  aliasing  and  over  sampling  the  signal 

The  DSA  measured  frequency  components  correspond 
to  the  projections  of  the  velocity  vector  V  on  to  the  respective 
axis  of  a  non-orthogonal  measuring  pUnc  formed  by  each  pair  of 
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User  beams.  This  had  necessitated  the  transformation  of  velocity 
components  from  non-orthogonal  system  to  orthogonal  system 
with  respect  to  the  test  section.  After  that,  the  orthogonal 
velocity  field  was  again  transformed  into  the  curvilinear  co¬ 
ordinate  system,  using  the  jet  centre-line.  Figure  4.  This 
transformation  was  applied  to  preset  number  of  individual  bursts, 
eg.,  N  =  1000,  at  each  measurement  location.  These  operations 
were  carried  out  by  an  algorithm  presently  developed,  which  also 
calcuUted  the  time-mean  and  sUtistical  properties  of  the  flow 
field. 


Fig.  A  :(»)  Cartesian  system 


(  b)  Curvilinear  system 


4.  RESULTS  AND  DISCUSSION 

4.1  Axial  Mean  Jet  Velocity 

Figures  5  and  6  present  the  distribution  of  the  axial 
component  of  mean  jet  excess-velocity  along  the  Uleral 
direction, y-axis.  for  the  flow  emanating  from  circuUr  and 
rectangular  nozzles  of  aspect  ratio  2:1  respectively,  deflected  by 
the  cross-stream.  Each  figure  contains  the  velocity  distribution 
measured  at  nine  stream  wise  sections  in  the  zone  of  established 
flow  and  three  velocity  ratios  were  created,  it  may  be  noted  that 
the  location  of  the  sections  along  the  trajectory  was  measured 
from  the  end  of  the  flow  establishment  zone,  z,.  The  measured 
values  are  non-dimensiona Used  interms  of  the  characteristic 
velocity  scale,  (U.-U.cosd),  which  is  the  velocity  excess  at  the 
jet  centre,  and  a  characteristic  length, yin,  which  is  the  jet  width 
obtained  from  visualization. 

From  these  results  k  is  quite  evident  that,  when  the 
nozzle  configuration  changes  from  circular  to  non-circuUr  ones, 
the  velocity  profiles  do  not  seem  to  satisfy  simiUrity.  In  other 
words,  self  preservation  of  the  mean  flow  pro  panes  for  non- 
circuUr  deflected  jcu  are  practically  not  existing  for  a  significant 
distance  in  contrast  to  the  reasonable  collapse  of  the  measured 
data  on  to  a  single  curve  for  the  circular  ease.  The  possible 
explanations  for  this  behaviour  ire  as  follows. 

It  was  evident  from  Figure  7  that,  the  mass  flux 
deficiency  at  the  nozzle  outlet  is  a  function  of  exft  jet  Reynolds 
number  and  also  the  nozzle  shape.  In  other  words,  the  higher 
mass  flux  deficiency  for  t  rectangular  jet  is  the  manifestation  of 


the  initial  disturbances  produced  by  the  boundary  layer  and 
comers  inside  the  nozzle.  These  disturbances  affect  the  initial 
flow.  So,  it  is  expected  that  these  initial  disturbances,  increasing 
with  an  increase  in  the  exit  jet  velocity,  adversely  influence  the 
similarity  of  the  velocity  profiles  as  they  propagate  down  stream. 
In  addition  to  this,  the  stronger  bound  vortex  pair  associated  with 
a  rectangular  deflected  jet  will  interact  with  the  axial  jet 
momentum  and  is  also  expected  to  adversely  affect  similarity. 
The  latter  conclusion  was  based  on  the  present  studies  on 
deflected  jet  cross  sections,  using  laser  light  sheet  visualization 
coupled  with  image  processing. 
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Fig. 5;  Lateral  distribution  of 
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4.2  Axial  and  Radial  Components  of  Turbulence 

Intensity 

Figures  8  and  9  show  the  axial  component  of 
turbulence  intensity  (i,  direction.  Figure  4)  distribution  along  the 
lateral  directions, if-axis,  for  a  deflected  circular  and  a  rectangular 
jet  of  aspect  ratio  2:1  respectively.  Each  figure  contains  the 
measured  data  at  three  different  sections  in  the  zone  of 
established  flow  for  a  specific  velocity  ratio  of  approximately 
3.8.  The  measured  values  are  non-dimcnsionalised  in  a  similar 
way  as  was  done  for  the  corresponding  mean  velocity  profiles. 
That  is,  the  characteristic  velocity  excess  at  the  jet  centre,  (Ua- 
U.cosfl),  and  the  characteristic  jet  width, were  used  as  the 
scales.  In  the  same  manner,  the  measured  radial  components  of 
turbulence  intensity  (i,  direction.  Figure  4)  for  the  respective 
above  cases  were  plotted  in  Figures  10  and  1 1 . 


Fig.  8  i  Axial  turbulence  intensity 
distribution  of  circular  Jet 
(  R  :  3  6  ) 
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Fig.  9  ;  Axial  turbulence  intensity 
distribution  of  (2:1  )  jet 
(  R  =  3  •  9  ) 


Fig.  10.'  Radial  turbulence  intensity 
distribution  of  circular  jet 
(  R  :  3  «  ) 


Fig.  11  ;  Radia  I  turbulence  intensity 
distribution  of  (2t  1  )  jet 
( R  =  3*9) 


Table  1  :  Comparison  of  turbulence 
intensity  along  jet  axis 
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The  results  indicate  that,  the  highest  turbulence 
intensity  is  associated  with  the  rectangular  deflected  jet  of  aspect 
ratio  2:1  compared  'o  the  circular  case.  This  can  be  attributed  to 
the  low  frequency  events  or  large  eddies  carried  by  rectangular 
deflected  jets  forming  an  effective  reservoir  of  turbulent  kinetic 
energy  for  the  generation  and  sustenance  of  high  frequency 
fluctuations  in  the  interacting  flow  field.  The  augmentation  of 
turbulence  level  in  the  down-stream  direction,  for  each  of  the 
cases  studied,  is  caused  by  the  enhanced  shearing  by  the  free 
stream  on  the  yet  as  it  propagates  down  stream  The  similarity  in 
the  behaviour  of  the  axial  and  radial  components  of  turbulence 
intensities  could  have  been  caused  by  the  strong  entraining  flow 
in  the  radial  direction,  characteristic  of  a  bound  vortex  system 
associated  with  deflected  yets  Also,  it  can  be  an  indicator  of  a 
resulting  isotropic  flow  field 
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Tabic  1  compare!  the  present  turbulence  intensity  along 
the  axis  of  circular  deflected  jet  with  Keffer  and  Baines  (1963) 
measurements.  The  higher  values  of  the  present  measurement  can 
be  attributed  to  the  improved  sensitivity  of  LDA  to  high 
frequency  events  compared  to  the  hot-wire  anemometer  used  in 
the  earlier  study,  as  well  as  the  difference  in  the  velocity  ratios. 

CONCLUSIONS 

The  measurements  in  the  zone  of  established  flow  for 
deflected  jets  using  3-component  LDA  revealed  the  following: 

1 .  The  flow  field  down  stream  of  non-circular  deflected  jets  are 
asymmetric  and  the  tendency  to  acquire  self  similarity  in  mean 
velocity  profiles  is  relatively  weak. 

2.  Distribution  of  the  axial  and  radial  components  of  turbulence 
intensity  shows  similar  behaviour  for  each  of  the  cases  studied 
and  the  high  turbulence  level  is  associated  with  rectangular 
deflected  jet. 
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8,  angle  of  the  deflected  jet  with  free  stream 

direction  based  on  the  jet  centreline 

i)  locus  of  maximum  velocity  along  lines  of 

constant  y  in  a  plane  perpendicular  to  the 
axial  stream-line 
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NOTATIONS 

d.  effective  jet  diameter  at  the  nozzle  outlet 

A  A  A 

ij.k  unit  vectors  in  the  cartesian  system 

A  A  A 

i,.ii.i,  unit  vectors  in  the  curvilinear  coordinate 

system 

R  ratio  of  the  jet  exit  velocity  to  that  of  the  free 

stream 

U,  free  stream  velocity 

U„  maximum  axial  jet  velocity 

U,  mean  jet  velocity  in  the  axial  direction 

u,  turbulence  intensity  in  the  axial  direction 

w,  turbulence  intensity  in  the  radial  direction 

x. y.z  carteaian  coordinates 

z,  length  of  the  potential  core 

{  distance  measured  along  the  jet  axis 

t  angle  of  the  deflected  jet  with  free  stream 

direction  based  on  the  jet  axis 
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ABSTRACT 

The  present  work  describes  an  experimental 
investigation  of  the  flowfield  and  spectral  characteristics  of  a 
three-dimensional  isothermal  turbulent  flow  in  a  chamber 
with  one  axial  inlet  and  two  side  inlets  by  the  use  of  laser- 
Doppler  velocimetry  and  microphones.  The  momentum  ratio 
of  the  axial  inlet  jet  to  side  inlet  jets  was  chosen  to  be  0.2  and 
the  Reynolds  number,  based  on  the  chamber  bulk  mean 
velocity  and  height  was  3.9  X  104.  The  mean  flow  quantities 
were  first  measured  to  give  an  understanding  of  the  mean 
turbulent  flow  structures  resulting  from  jet  expansion  and 
impingement  of  multiple  inlet  jets  in  the  present  ducted  flow. 
Subsequently,  power  spectrum  measurements  of  velocity  and 
pressure  fluctuations  were  performed  to  investigate  the 
oscillatory  behavior  of  the  multiple  jet  flows  in  the  present 
combustor.  The  results  show  that  the  low  frequency  axial  and 
transverse  oscillations  for  the  axial  jet  and  the  side  jets, 
respectively,  exist  in  the  combustor.  Moreover,  the  preferred 
mode  of  the  axial  jet  and  the  oscillation  of  the  impingement 
of  the  side-inlet  flows  upon  the  span  wise  walls  are  found. 

1.  INTRODUCTION 

The  flowfield  and  spectral  characteristics  in  a  ducted 
chamber  with  one  axial  and  dual  side  rectangular  inlets  are 
investigated  experimentally  in  the  present  work  using  laser- 
Doppler  velocimetry  (LDV)  and  microphones.  In  practical 
applications,  the  simulated  chamber  is  related  to  a  solid- 
propellant  ducted  rocket  (SDR)  combustor.  Under  a 
sustaining  operation  of  the  SDR,  the  fuel-rich  gas  plume 
exhausted  from  a  solid-propellant  gas  generator  mixes  and 
reacts  with  the  side-inlet  air  flows.  Flow  impingement, 
recirculation,  and  oscillation  in  this  type  of  flow  field  are 
closely  related  to  the  combustor  performance.  To  achieve  a 
high  combustion  efficiency,  good  mixing  and  flame  holding  in 
file  combustors  are  required.  Some  important  information  on 
this  topic  has  been  reported  by  several  researchers  (Chuang  et 
al„  1989;  Hsrih  et  al.,  1989;  Liou  and  Wu,  1993;  Schadow 
and  Chieze,  1981).  Another  aspect  of  the  present  flowfield 


with  jet  impingement  is  the  flow  oscillation.  Oscillation  of 
impingement  flows  occurs  frequently  in  a  widely  variety  of 
inner  and  outer  flow  configurations  and  provokes  noises, 
structure  loading  and  combustion  instabilities  (Clark,  1982; 
Rockwell  and  Naudascher,  1979;  Rockwell,  1983). 
Occurrence  of  energetic  flow  and  pressure  oscillations  in  the 
investigated  combustors  will  result  in  a  serious  reduction  in 
the  combustion  performance  if  the  coupling  between  the  flow 
and  combustor  builds  up  (Dunlap  and  Brown,  1981;  Byrne, 
1983)  or  proper  acoustical  forcing  is  exerted  (  Schadow  et  al., 
1987).  However,  relevant  spectral  analyses  of  the 
impingement  flow  field  in  the  simulated  SDR  combustor  are 
relatively  sparse. 

Based  on  the  above  brief  survey,  it  is  suggested  that  an 
improved  understanding  of  the  impingement  of  multiple  jets 
in  the  ducted  flow  is  needed  in  enhancing  fluid  mixing  and 
avoiding  combustion  instabilities,  and  the  pertinent  spectral 
analyses  in  the  literature  are  lacking.  It  is  this  fact  motivating 
the  present  study  in  which  the  flow  oscillation  in  a  ducted 
combustor  with  dual  side  inlets  and  one  axial  inlet  is 
examined  by  analyzing  the  LDV  measured  velocities  and  wall 
pressures  power  spectra  of  fluid. 

2.  EXPERIMENTAL  SETUP  AND  CONDITIONS 

The  overall  experimental  system  included  the  optical 
system,  the  signal  processing  system  and  the  flow  system.  For 
the  flow  system,  the  side-inlet  air  streams  were  drawn  into 
the  test  chamber  through  settling  chambers,  honeycombs  and 
the  sc.eens,  and  3:1  contraction  by  a  10-Hp  turbo  blower 
locr^ed  at  the  downstream  end.  The  axial  jet  was  ejected  from 
a  23:1  contraction  by  another  5-Hp  turbo  blower  located 
up  stream  of  the  axial  inlet.  The  air  in  the  chamber  then  was 
exhausted  through  the  square  duct,  a  flow  straightener,  a 
rotameter,  and  a  bellows,  by  the  downstream  10-Hp  turbo 
blower.  In  between  the  test  duct  and  the  blower  there  was  a 
noise  reduction  chamber  with  the  dimension  of  100  X  130  X 
80  cm3  to  reduce  the  blower  generated  passage  and 
wwvliMiirji  vibration  noise. 
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The  schematic  drawing  of  the  configuration,  coordinate 
system,  and  dimensions  of  the  test  model  is  shown  in  Fig.  1. 
The  three-dimensional  model  consisted  of  a  square  cross- 
sectional  combustor  chamber  (100  mm  X  100  mm),  two 
squares  cross-sectional  side-inlet  ducts  (SO  mm  X  SO  mm)  and 
a  rectangular  cross-sectional  axial  nozzle  with  an  aspect  ratio 
of  3:1  (6  mm  X  18  mm).  The  two  side-inlet  ducts  intersected 
the  chamber  walls  at  a  right  angle  and  were  aligned  carefully 
at  the  same  streamwise  position,  while  the  single  axial  inlet 
was  located  at  the  head  plate  and  directed  along  the  chamber 
center  axis.  The  rectangular  cross-section  of  the  axial  inlet 
instead  of  a  round  or  square  one  was  utilized  in  the  present 
work  since  mixing  enhancement  by  using  non-axi  symmetric 
jets,  such  as  the  elliptic  and  rectangular  jets,  has  been 
reported  by  many  researchers  (e.g.  Ho  and  Gutmark,  1987; 
Lee  and  Bade,  1993).  However,  many  of  these  works  were 
made  for  free  jets.  One  of  the  purposes  of  the  present  work  is 
to  study  the  development  of  the  confined  non-axisymmetric 
axial  jet  and  the  interaction  between  the  axial  and  side  jets. 

A  four-beam  two-component  laser-Doppler  velocimetry 
set  up  in  a  backscatter  configuration  .described  in  detail  in 
the  works  of  Liou  and  Wu  (1993a)  and  Liou  et  al.  (1990)  was 
employed  to  measure  the  velocity  in  the  combustor  model. 
The  probe  volume  dimensions,  based  on  l/e?  extent  of  light 
intensity,  were  approximately  0.06  mm  by  0.63  mm  and  0.13 
mm  X  3.6  mm  for  480-nun  and  1200-mm  focal-length  lenses, 
respectively.  The  saline  particles  with  a  nominal  1  (t  m  were 
generated  by  the  atomizers  and  introduced  into  the  air 
streams  to  scatter  light  as  the  particles  passed  the  probe 
volume. 

Owing  to  the  nature  of  the  random  arrival  of  seeding 
particles  at  the  measurement  volume,  the  power  spectrum  and 
the  correlation  of  the  LDV  signals  cannot  be  obtained  directly 
by  use  of  the  conventional  FFT  algorithm,  which  is  valid  for 
signals  with  constant  time  intervals.  There  are  several 
approaches  to  obtain  the  power  spectrum  of  LDV  signals 
(Tropea,  1987).  In  this  paper,  a  sampled  and  held  D/A 
converter  circuit  was  employed  and  the  converted  analog 
output  was  processed  by  using  a  FFT  analyzer  to  obtain  the 
spectra.  In  this  approach  the  high  arrival  rate  of  Doppler  burst 
signals  (or  particle  rate)  is  a  crucial  condition  to  acquire  the 
bias-free  spectral  estimates.  In  order  to  avoid  the  step  noise 
arising  in  the  low  arrival  rate  condition  (Adrian  and  Yao, 
1987),  the  required  particle  rate  should  not  less  than  the 
reciprocal  of  the  integral  time  scale.  In  the  present 
experiment,  the  integral  time  scale  is  about  10'3  second.  After 
examination  of  the  measured  spectra  at  various  particle  rates, 
it  found  that  the  levels  of  spectral  peaks  approached  invariant 
as  the  particle  rate  was  higher  than  3,000  numbers/sec. 
Therefore,  the  adequate  particle  rates  were  controlled  at 
about  10,000  numben/sec  during  the  measurements. 

The  wall  pressure  was  measured  using  a  Kulite 
microphone  (MIC- 1 90-140)  with  1.8  mm  active  diameter  and 
100  KHz  mechanical  resonant  frequency.  The  microphone 


was  attached  to  pressure  taps  with  0.3  mm  internal  diameter. 
The  signal  obtained  was  amplified  and  properly  filtered  by  a 
signal  conditioner  (CDV-230C,  Kyowa).  The  power  spectrum 
of  the  wall  pressure  analyses  was  conducted  by  a  dual¬ 
channel  FFT  analyzer.  At  each  measured  position  ensemble 
average  of  256  spectra  was  made  to  reduce  variations  of  the 
estimated  spectra. 

In  the  present  investigation,  the  momentum  ratio  of 
axial  jet  to  side  inlet  jets  and  the  chamber  bulk  mean  velocity 
were  0.2  and  9.3  m/s,  respectively.  Reynolds  number,  based 
on  the  combustor  height  and  bulk  mean  velocity,  was  5.9  X 
104.  More  detailed  inlet  conditions  for  the  axial  and  side 
inlets  have  been  described  in  the  previous  work  (Liou  and 
Wu,  1993b). 

3.  RESULTS  AND  DISCUSSION 

Mean  Flow  Patterns 

Figure  2  shows  the  mean  flow  patterns  in  two  vertical 
planes,  Z*=0  and  Z*=— 0.5,  and  two  horizontal  planes,  Y*=0 
and  Y*=— 0.5  (X*  s  X/Hc,  as  X  >  0,  X*  =  X/Ld,  as  X  £  0, 
Y*=Y/Hc,  Z*=Z/Hc),  in  terms  of  vector  diagrams.  In  the 

central  vertical  plane  (Z*=0),  Fig.  2(a),  shows  that  for  the 
present  momentum  ratio  the  central  part  of  the  high  velocity 
axial  jet  penetrates  through  the  side  jets  and  the  interaction  of 
these  jets  forms  a  clockwise  vortex  at  (— 7<X*  <0,  — 0.6< 
Y*<  —  0.2,  Z*=0)  of  the  dome  region  (—1  <X*  <0).  In  the 
quarter  vertical  plane  (Z*=  —  0.5,  Fig.  2(b))  which  cuts 
through  the  edge  of  the  side-inlet  port,  the  velocity  vectors 
near  the  side-inlet  port  have  larger  axial  components  than 
those  in  the  Z*=0  plane.  Figure  2(c)  shows  a  clockwise 
vortex  located  in  the  dome  region  in  the  Y  =0  plane  and  the 
strengths  of  the  vortex  become  weaker  in  the  Y*=— 0.5  plane 
(Fig.  2(d)).  Also  notice  that  the  mean  velocities  in  the  dome 
region  (Fig.  2)  are  generally  very  small,  except  for  the  axial 
jet,  and  therefore  suitable  for  flame  holding.  On  the  basis  of 
above  description,  the  development  of  the  axial  jet  and  the 
impingement  of  the  axial  jet  upon  the  side  jets  are  two 
important  features  in  the  present  three-dimensional  ducted 
fiowfield.  In  addition,  the  bimodal-shaped  velocity  histograms 
found  in  the  impingement  zone  indicate  the  existence  of  the 
organized  oscillating  structures  (Liou  and  Wu,  1993b).  This 
dynamic  behavior  of  the  oscillation  of  the  axial-inlet  jet  was 
further  investigated  by  means  of  spectral  methodology  in  the 
next  section. 

Spectral  Characteristics 

The  velocity  spectra  for  the  axial  and  transverse 
fluctuations  measured  along  the  combustor  central  axis  are 
depicted  in  Fig.  3(a)  and  Fig.  3(b),  respectively.  A  very  low 
frequency  peak  of  37.5  Hz  is  found  in  the  axial  velocity 
spectra.  Fig.  3(a),  from  X**— 0.95  to  —0.87  and  this  peak 
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smears  as  X*  ^  —0.83.  However,  the  peak  of  37.S  Hz  was 
not  observed  in  the  transverse  velocity  spectra.  Fig.  3(b),  at 
corresponding  locations,  indicating  a  low  frequency  axial 
oscillation  near  the  axial  inlet  On  the  other  hand,  for  X*  ti 
—  0.22  a  peak  of  73  Hz  appears  in  the  transverse  velocity 
spectra.  Fig.  3(b),  but  not  in  the  axial  velocity  spectra.  Fig. 
3(a).  The  transverse  oscillation  of  75  Hz  is  believed  to  be 
induced  by  the  side  inlet  flows.  In  addition,  for  the  transverse 
velocity  spectra  in  the  range  of  —0.74  5*X*  ^  —0.30,  a  high 
frequency  lobe  located  around  1  KHz,  with  a  corresponding 
Strouhal  number  of  S,=fDj/Uf*=0.17  (Df  s  hydrodynamic 
diameter  of  the  axial  inlet  port),  can  be  observed.  It  is  noted 
that  the  onset  location  of  this  high  frequency  lobe  coincides 
with  the  location  of  potential  ewe  tip  (X*=— 0.76).  Therefore, 
the  lobe  tends  to  be  related  to  the  passage  of  coherent 
structures,  i.e.,  the  so-called  preferred  mode  or  jet  column 
mode. 

The  wall  pressure  spectral  measurements  were  also 
earned  out  at  station  X**=0.25,  as  shown  in  Fig.  4,  in  order  to 
investigate  the  impingement  of  the  deflected  side-inlet  flows 
after  jet-to-jet  collision  upon  the  span  wise  walls  (Z*=±  1).  It 
is  first  noted  that  the  shapes  of  spectra  are  quite  symmetrical 
about  Y*”0.  In  addition,  a  clear  peak  at  about  80  Hi;  is 
detected  at  Y*=  ±0.2  -  ±0.5  and  tends  to  reflect  the 
oscillation  of  span  wise  deflection  of  the  side-inlet  flows. 

The  variations  of  peak  frequency  over  the  periphery  of 
axial-inlet  port  at  different  stream  wise  stations  are  also 
examined  and  plotted  in  Fig.  5.  Marks  a,  b,  c,  d,  e,  and  f 
stand  for  the  axial  lines  along  various  peripheral  positions, 
respectively.  For  the  axial  velocity  spectra.  Fig.  5  depicts  a 
peak  off*  37.5  Hz  occurs  only  along  line  a  and  near  the  axial 
inlet  port  (empty  circles).  A  peak  of  f=75  Hz  also  appears 
along  lines  c,  d  and  e,  but  there  are  no  peak  frequencies 
observed  along  lines  b  and  f.  For  the  case  of  the  transverse 
velocity  spectra,  a  low  frequency  peak  of  about  f  =  75  Hz 
occurs  along  all  the  examined  lines  (a~f)  and  this  oscillatory 
frequency  is  associated  with  the  aforementioned  bimodal 
velocity  fluctuation  histograms.  In  addition,  high  frequency 
peaks  are  also  detected  over  the  range  of  —0.74  £ X*  £  — 
0.22  and  the  peak  frequencies  decrease  with  increasing  X*. 
For  X*  ct  —0.22  the  high  frequency  lobe  disappears  and  the 
peak  of  75  Hz  remains  due  to  the  side-inlet  jet  oscillation. 

4.  CONCLUSIONS 

The  flowfidd  in  a  three-dimensional  simulated  ducted 
combustor  with  multiple  inlet  jets  investigated  in  the  present 
woik  can  be  characterized  by  the  dome  recirculation,  jet-jet 
impingement  and  flow  developing  regions  from  the  measured 
mean  flow  patterns  as  well  as  by  power  spectra  of  velocity 
fluctuations,  the  37.5  Hz  axial  oscillation  associated  with  the 
axial  jet  ad  75  Hz  transverse  oscillation  associated  with  the 


side  jets  from  the  measured.  The  preferred  mode  of  the  axial 
jet  with  S,=0.17  is  identified.  In  addition,  the  80  Hz 
oscillation  of  the  impingement  of  the  side-inlet  flows  upon  the 
span  wise  walls  is  detected  from  the  wall  pressure 
measurements. 
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Fig.  1  Sketch  of  configuration,  coordinate  system,  and  dimensions  of  test  model 
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ABSTRACT 

In  this  paper  we  evaluate  the  effect  of  quantization  of  Doppler 
signals.  We  do  this  by  calculating  Cramdr-Rao  lower  bounds 
for  one  bit  quantization  and  by  doing  computer  simulations. 
Both  approaches  show  that  there  are  serious  problems  with  one 
bit  quantization  around  certain  critical  frequencies. 
Contrasting,  it  is  shown  that  4  bit  quantization  performs  nearly 
as  good  as  no  quantization.  The  conclusion  is  that  4  bits  are 
adequate  while  fewer  number  of  bits  give  unreliable  results. 


bits,  and  of  course  information  of  the  signal  is  lost  in  this 
process.  This  information  loss  should  be  kept  at  a  negligible 
minimum;  once  the  information  is  lost,  it  is  lost  forever  and 
can  never  be  restored.  Therefore,  a  proper  sampling  method  is 
essential  to  Doppler  processing. 
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1.  INTRODUCTION 

Many  aspects  are  crucial  to  obtain  accurate  and  reliable  LDA 
measurements.  Good  optics  and  lasers  are  necessary  to  obtain 
high  quality  Doppler  signals;  advanced  accurate  processing  of 
the  Doppler  signal  is  needed  to  estimate  the  Doppler  frequency 
with  high  precision;  and,  finally,  the  data  analysis  techniques 
applied  to  the  measurements  should  give  optimal  and  reliable 
results.  Processing  of  the  Doppler  signal  plays  a  pivotal  role, 
since  this  determines  the  accuracy  in  any  subsequent 
processing.  This  processing  should  use  the  information  in  the 
Doppler  signals  to  the  fullest  extent,  otherwise  optimization  in 
other  links  of  the  chain  is  wasted.  In  this  paper  we  will 
consequently  concentrate  on  this  pert  of  the  LDA 
measurement. 

The  accurate  determination  of  the  Doppler  frequency  is 
dependent  on  a  number  of  factors:  burst  detection  and 
determination,  filters,  the  processing  method,  windowing, 
interpolation  etc.  However,  again  we  can  point  at  one  essential 
link  in  this  chain:  the  sampling  of  the  Doppler  signal.  The 
Doppler  signal  is  a  continuous  signal,  s(t).  In  order  to  process 
this  digitally,  it  must  be  sampled  at  certain  instants  to  obtain 
s(lj).  Further  this  value  should  be  represented  by  a  digital 

number.  This  is  called  quantization.  Thus,  the  infinitely  many 
possible  states  of  the  signal  is  reduced  to  a  finite  number  of 


The  contents  of  this  paper  is  the  determination  of  the 
requirements  to  the  sampling  in  order  to  keep  the  information 
loss  at  a  minimum. 

The  first  parameter  of  the  sampling  process:  when  the 
signal  should  be  sampled  is  readily  determined  by  the  well- 
known  Shannon  sampling  theorem  (alias  the  Nyquist 
criterion):  the  signal  should  be  sampled  at  a  frequency  twice 
the  maximal  frequency  in  the  Doppler  signal.  If  this  condition 
is  fulfilled  Shannon  says  that  no  information  is  lost  in  the 
sampling.  Thus  the  information  loss  occurs  in  the  quantization 
of  the  signal.  In  this  paper  we  will  investigate  this 
information  loss  in  the  quantization  and  determine  how  this 
can  be  kept  at  a  negligible  minimum,  answering  the  question: 
Quantization  of  Doppler  Signals:  how  many  bits  are  needed? 

2.  QUANTIZATION  OF  DOPPLER  SIGNALS 

in  order  to  process  the  Doppler  signal  digitally  it  is  converted 
to  a  digital  value  in  an  A/D-converter.  This  quantization  can  be 
done  by  a  differing  number  of  bits.  The  two  extreme  cases  are 
1  bit  quantization  and  quantization  by  an  infinite  number  of 
bits,  corresponding  to  no  quantization.  For  the  number  of  bits 
converging  towards  infinity  the  effect  of  quantization  will 
converge  towards  the  optimal  minimum  of  no  quantization  In 
principle  the  more  bits  the  better,  but  in  a  practical 
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implementation  the  number  of  bits  has  to  be  limited,  and  the 
question  at  issue  is  how  low  this  number  can  be  in  order  for 
the  effects  of  quantization  to  be  minimal. 

It  should  be  noted  that  we  are  discussing  the  quantization 
of  the  primary  Doppler  signal,  not  the  resolution  of  the 
frequency  output  of  an  LDA  processor.  However,  the  number 
of  bits  in  the  quantization  of  the  primary  Doppler  signal  will 
limit  the  accuracy  of  the  estimated  Doppler  frequency,  thereby 
also  limiting  the  number  of  significant  bits  in  the  estimated 
Doppler  frequency.  To  output  more  bits  than  is  significant 
considering  the  accuracy  of  the  Doppler  frequency  makes  little 
sense,  and  as  we  will  see  a  low  quantization  will  considerably 
limit  the  accuracy  of  the  Doppler  frequency. 

One  bit  quantization  (see  Ibrahim  et  al.  (1990))  is 
equivalent  to  determining  the  sign  of  the  signal 


■Wb,t('i)  = 


•*(</)  2:0 
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From  an  immediate  point  of  view,  it  might  seem  that  one  bit  is 
too  little  to  be  useful.  However,  one  bit  quantization  means 
determining  the  zero  crossing  of  the  signal,  and  to  determine 
the  frequency  of  the  signal  this  is  sufficient  information,  as 
known  from  the  old  counter  principle,  see  also  Ibrahim  et  al. 
(1990).  However,  it  will  limit  the  accuracy. 

We  will  make  a  quantitative  evaluation  of  one  bit 
quantization,  and  compare  this  with  no  quantization  and 
quantization  with  a  limited  number  of  bits.  The  accuracy  of  the 
Doppler  signal  is  characterized  by  bias  and  variance.  If  the 
Doppler  frequency  is  /  then 


bias  —  ftsnmaud  ftrut 


Variance  =  ( ftstimattd  ~  ftslimaud) 

If  the  Doppler  signal  has  bias,  then  measured  mean  values  will 
be  wrong,  and  normally  one  will  try  to  keep  bias  at  a 
minimum.  The  variance  on  the  measurements  will  directly  add 
to  the  turbulence  intensity  and  also  this  should  be  limited. 

We  will  calculate  lower  bounds  for  the  variance  of  the 
estimated  Doppler  frequency.  For  no  quantization  this  has  been 
done  in  Rife  and  Boorstyn  (1974)  and  in  Lading  and  Edwards 
(1993)  and  it  should  be  noticed  that  this  bound  does  not  apply 
to  one  bit  quantization,  in  the  sense  that  it  gives  too  low 
bounds.  We  will  calculate  lower  bounds  that  do  directly  apply 
to  one  bit  quantization.  Some  work  in  this  direction  has 
previously  been  done  in  Ibrahim  et  al.  (1990),  but  the  bounds 
given  in  this  reference  are  much  too  optimistic  and  do  not  give 
an  impression  of  the  problems  with  one  bit  quantization. 


3.  THE  CRAMfiR-RAO  BOUND 

In  the  appendix  we  calculate  the  so  called  Cramer-Rao  lower 
bound  for  one  bit  quantization.  We  will  briefly  discuss  the 
significance  of  the  Cramer-Rao  lower  bound.  For  a  more 
complete  discussion  see,  e.g.  Kendal  and  Stuart  (1993)  and 
Papoulis  (1988).  If  estimating  a  statistical  quantity  such  as  the 
Doppler  frequency,  this  cannot  be  done  with  infinite  accuracy, 
not  even  theoretically.  There  is  a  lower  bound  on  the  variance 
of  the  measurement,  expressed  in  the  Cramer-Rao  inequality. 

No  unbiased  estimator  can  do  better  than  the  Cramer-Rao 
(CR)  bound.  The  CR  bound  thus  plays  the  same  role  as 
Heisenberg's  uncertainty  relation  in  quantum  mechanics  or  the 
speed  of  light  in  relativity  theory.  This  does  not  mean  that  the 
CR  bound  can  be  reached.  There  might  not  exists  any  unbiased 
estimator  that  has  as  low  variance  as  predicted  by  the  CR 
bound.  On  the  other  hand,  a  biased  estimator  might  have  lower 
variance  than  the  CR  bound.  An  estimator  that  gives  a  constant 
value  independently  of  the  input  will  for  example  have  zero 
variance  but  unlimited  bias 

The  CR  bound  is  an  information  theoretic  criterion.  This 
is  important  in  the  context  of  quantization.  As  mentioned  in 
the  introduction,  quantization  means  information  reduction  and 
the  CR  bound  is  an  evaluation  of  how  this  information 
reduction  will  manifest  as  variance  on  estimated  value.  If  the 
reduced  information  is  used  optimally,  the  CR  bound  may  be 
reached,  but  to  repeat:  it  can  never  be  surpassed. 


4.  CRAMER-RAO  BOUNDS  FOR  DOPPLER  SIGNALS 


4.1  Doppler  signal  characteristics 

To  derive  CR  bounds  for  Doppler  frequency  estimation  we  will 
assume  that  the  Doppler  signal  is  a  sinusoidal  embedded  in 
additive  Gaussian  white  noise.  This  is  only  a  partial  truth.  The 
noise  in  Doppler  signals  both  consists  of  signal  independent 
noise  and  Poisson  noise  due  to  the  random  arrival  of  photons 
(shot-noise),  which  is  dependent  on  the  amplitude  of  the 
signal.  An  investigation  of  the  influence  of  this  latter  noise  has 
been  done  in  the  papers  Lading  (1993)  and  Lading  and 
Edwards  (1993).  To  get  the  full  picture  both  kinds  of 
investigations  have  to  be  carried  through.  However,  in  the 
most  difficult  and  critical  measurement  situations,  the  signal 
independent  background  noise  will  be  dominating.  Further, 
when  taking  into  consideration  the  many  different  noise 
sources  of  the  Doppler  signal  and  using  the  central  limit 
theorem,  the  assumption  of  additive  Gaussian  white  noise 
seems  very  reasonable.  Thus  the  Doppler  signal  can  be 
expressed  as 


s(t)  =  b(t)sin(ajt  +  &)+n(t ) 
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The  factor  b(t)  is  the  envelope  of  the  signal  The  exact  form  of 
the  envelope  will  depend  on  the  optical  configuration,  particle 
sizes  etc.  Two  cases  are  of  special  interest.  The  envelope  can 
be  Gaussian  due  to  the  profile  of  the  laser  beams,  or  the 
envelope  can  be  approximately  rectangular  (top-hat)  due  to 
apertures  in  the  system  or  if  only  a  part  (i.e.  the  central  part)  of 
the  burst  is  processed.  We  will  consider  both  cases,  but 
especially  the  latter.  It  can  be  proved  that  a  rectangular 
envelope  will  give  the  best  frequency  estimation  of  all 
envelopes  with  a  given  power,  so  that  a  lower  bound  for  a 
rectangular  envelope  will  give  a  lower  bound  for  any  envelope 

4.2  Cramer-Rao  bound  for  lion-quantized  sampling 

The  CR-bound  for  non-quantized  sampling  was  found  in  Rife 
and  Boors tyn  (1974)  for  a  rectangular  envelope  to  be 

var[a>]  £  I'CR.non -quantized 

_ _ 12 _ 

(SNR?T2N(N2-\) 

Where  T  is  the  sampling  interval  and  N  is  the  number  of 
samples. 

For  arbitrary  envelopes  this  expression  can  be  easily 
generalized  to  (see  also  appendix) 


where  t„  are  the  sampling  times  and  a  the  noise  amplitude. 
On  the  second  line,  the  matrices  should  be  summed,  then  the 
sum  should  be  inverted  as  matrix;  the  lower  bound  for  the 
variance  on  the  signal  frequency  is  then  the  element  in  row  1, 
column  1. 


4.3  Cramer-Rao  bound  for  one-bit  quantization 

In  the  appendix  we  have  derived  the  CR-bound  for  one  bit 
quantization,  given  by  the  expression 
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The  second  line  of  (2)  expresses  the  CR  bound  for  one  bit 
quantization  depending  on  both  SNR  {-bid)  frequency  co 
and  phase  0.  Since  the  Doppler  bursts  have  random  phase  with 
any  value  of  the  phase  equally  probable,  we  have  averaged 
over  the  phase  to  derive  at  the  SNR  and  frequency  dependent 
CR  bound  on  line  3,  which  is  the  expression  we  will  use. 

The  function  U{co,t„,0)  is  given  by  the  rather 

complicated  expression 


1T(  co,  t„,0)  = - ^ - -rsin2(&rn  +  0) 

1-erf^-^j  — cos  (ax„  +  0) 


sin2(at„+ff) 
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The  first  thing  to  notice  about  (2)  is  that  it  is  similar  to  the  CR 
bound  for  no  quantization  (1)  except  for  the  factors  2/  n  and 
IT (co,t„,0).  Since  it  can  be  proven  that  TI(®, t „,&)<,)  (se  note 

in  appendix)  we  arrive  after  some  considerations  to  the 
conclusion 


^CR,one-bit(®)^  j  ^CR.non-qumlized 


or  put  in  words 

The  variance  for  one-bit  quantization  always  is  at  least 
SO  %  higher  than  the  variance  for  no  quantization. 

This  statement,  however,  does  not  take  into  consideration  the 
frequency  dependency  of  the  factor  n (a>,tn,0),  which  gives  a 

very  remarkable  behavior.  Unfortunately  (2)  is  so  complicated 
that  an  analytical  evaluation  is  impossible,  and  consequently 
one  has  to  turn  to  a  numerical  calculation  of  it.  Also  this  is 
tricky,  but  with  care  it  is  possible,  and  we  have  done  so  for  a 
selection  of  frequencies  and  SNR  in  the  results  section  below. 

The  CR  bound  will  not  be  calculated  for  quantization  of 
an  arbitrary  number  of  bits.  Although  this  could  be  done  in 
theory,  the  expressions  would  be  so  complicated  that  they 
would  be  without  any  interest.  Instead  we  have  done  the 
evaluation  of  quantization  for  a  higher  number  of  bits  by 
computer  simulations. 

It  should  be  remembered  that  the  CR  bound  calculated  for 
one  bit  quantization  is  independent  of  the  signal  processing 
method,  it  be  FFT  or  correlation  processing. 


5.  COMPUTER  SIMULATIONS 

To  relate  the  theoretical  calculation  of  the  CR  bound  in  the 
previous  section,  we  have  also  made  computer  simulations 
showing  the  effect  of  quantization.  The  computer  simulations 
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have  been  done  for  a  Doppler  signal  with  rectangular  envelope 
embedded  in  additive  Gaussian  white  noise,  quadrature  mixed 
to  give  a  complex  signal.  The  processing  has  been  done  by  a 
FFT  analysis  with  4  times  zero  padding  followed  by  a  peak 
search  after  Brent's  method  (see  Press  et  al.  (1992)).  This  is  a 
very  slow  method  which  is  not  at  all  feasible  for  real-time 
implementation,  but  as  the  subject  of  this  paper  is  quantization 
effects  we  have  chosen  this  method  to  avoid  the  influence  of 
other  factors  like  interpolation. 

For  no  quantization  the  FFT  method  (or  rather  Fourier 
method)  is  maximum  likelihood,  i.e.  the  (asymptotically) 
optimal  method  for  frequency  estimation  (as  proved  in  Rife 
and  Boorstyn  (1974).  For  one-bit  quantization  the  Fourier 
method  is  not  maximum  likelihood ,  contrary  to  some  belief 
(see,  e.g.  Ibrahim  et  al.  (1990)).  The  maximum  likelihood 
method  for  one-bit  quantization  can  be  derived  by  examining 
the  likelihood  function  in  the  appendix.  Thus,  it  is  indeed 
possible  that  a  better  method  than  FFT  can  be  found  for  one- 
bit  quantization,  but  in  this  paper  we  will  not  proceed  further 
in  this  direction. 

The  simulations  will  be  done  for  one  bit  quantization  and 
no  quantization  corresponding  to  the  CR  bounds  calculated 
above,  and  in  addition  for  4  bit  (complex)  quantization,  such  as 
used  by  the  DANTEC  BSA. 

6.  RESULTS. 

In  this  section  we  will  present  the  results  of  the  calculation  of 
CR  bounds  for  one-bit  quantization,  and  the  simulation  results 
for  no  quantization,  4  bit  quantization  and  1  bit  quantization, 
mainly  in  graphical  form.  All  calculations  and  simulations 
show  here  are  for  32  (complex)  samples,  which  applies  to  a 
typical  burst.  The  behavior  for  a  larger  number  of  samples  is 
qualitatively  identical  but  of  course  with  different  numbers.  In 
all  graphs  frequency  and  standard  deviations  of  frequencies  are 
relative  to  sampling  frequency  (i.e.,  bandwidth).  The  numbers 
therefore  easily  can  be  scaled. 


Figure  1.  CR  bound  for  one  bit  quantization;  32 
complex  samples  Standard  deviation  versus  frequency 
and  SNR. 


Figure  2.  CR  bound  for  one  bit  quantization;  32 
complex  samples.  Standard  deviation  versus  frequency 
and  SNR  around  center  frequency. 

The  CR  bound  for  one-bit  quantization  depends  on  both 
frequency  and  SNR.  Figure  1  with  a  closer  detail  in  figure  2 
shows  this  dependency  in  a  3D-plot.  The  remarkable  feature  is 
that  at  the  frequencies  that  are  a  multiple  of  a  quarter  of  the 
sampling  frequency,  nfsIA,  the  variance  does,  as  expected, 
decrease  with  increasing  SNR,  until  it  reaches  a  minimum,  and 
then  it  increases  dramatically.  Thus,  the  paradoxical  thing 
happens  that  adding  noise  to  the  measurements  increases  the 
accuracy.  This  is  a  strange,  but  to  signal  processing  well- 
known,  effect  of  quantization  (see  e.g.  Bilinskis  and  Mikelsons 
(1992)).  In  the  terms  of  the  introduction  one  could  say  that 
there  is  a  terrible  waste  of  information  around  these 
frequencies. 
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Figure  3.  Simulation  results  and  CR  bounds  as  function 
of  SNR. 
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Figure  4.  Simulation  results  and  CR  bounds  as  function 
of  frequency.  The  CR  bound  for  no  quantization,  the 
simulations  results  for  no  quantization  and  the 
simulation  results  for  4  bit  quantization  are 
indistinguishable. 

In  figure  3  and  4  we  show  the  results  of  simulations.  It  is 
seen  that  there  is  a  close  agreement  between  the  simulations 
and  the  CR  bounds,  and  that  4  bit  quantization  is  very  close  to 
non-quantized  sampling.  There  is  a  disagreement  between  the 
CR  bound  and  simulation  for  one-bit  quantization  just  at  the 
critical  frequencies  nfal 4.  Here  the  variance  of  the 

simulations  are  less  than  the  CR  bound.  This  seems  to 
contradict  that  the  CR  bound  is  a  lower  bound,  but  one  should 
bear  in  mind  that  this  is  only  true  for  unbiased  estimators,  and 
FFT  for  one-bit  quantization  is  not  unbiased. 


count 


frequency 

- true  hate^in  JL  one  bit  quantization  —  4  bit  quantization 

Figure  S.  Bias  effect  around  the  frequencies  nfs! 4 . 


We  have  investigated  the  question  of  bias  further.  In 
figure  3  we  have  input  a  range  of  frequencies  distributed 
Gaussian  as  typically  in  turbulence.  This  was  done  for  both 
one  bit  and  4  bit  quantization,  producing  quite  different 
results.  The  result  for  4  bit  quantization  is  almost 
indistinguishable  from  the  input  data.  However,  one  bit 
quantization  produces  an  histogram  with  a  quite  different  form 
from  the  input.  It  is  semi  that  he  frequencies  nfsIA  acts  as 
"black  holes"  that  swallow  every  frequencies  in  their 


neighborhoods.  Therefore  the  variance  is  low  exactly  at  nfs /4, 
lower  than  predicted  by  CR,  but  at  the  expense  of  bias. 

Obviously,  the  behaviour  of  one  bit  quantization  wil  pose 
problems  particularly  when  measuring  turbulence.  Here,  an 
unwary  user  who  is  not  aware  of  the  problems  around  these 
critical  frequencies  may  suddenly  encounter  some  strange 
experimental  results.  Since  one  of  the  critical  frequencies  is  0, 
there  will  inevitably  be  problems  when  measuring  reversing 
flows.  The  only  way  to  avoid  this  is  to  stay  within  a  frequency 
band  of  a  quarter  of  the  sampling  bandwidth. 

Finally  figure  3  indicates  that  the  threshold  is  higher  for 
one-bit  quantization  than  for  no  quantization  with  4  bit 
quantization  being  identical  to  no  quantization.  This  effect 
however  has  to  be  investigated  further,  we  do  not  have  any 
theoretical  explanation  for  this. 

From  the  computer  simulations  it  appears  that  4  bits 
quantization  is  adequate  for  an  accurate  determination  of  the 
Doppler  frequency.  However,  to  get  the  full  benefit  from  the  4 
bits,  the  signal  need  to  be  adjusted  to  the  dynamic  range.  In  the 
Dan  tec  BSA  an  amplitude  normalizing  circuit  in  front  of  the 
analog  to  digital  converter  ensures  that  the  dynamic  range  of 
the  4  bits  is  always  used  fully  also  when  the  Doppler  signal 
amplitude  varies  over  a  large  dynamic  range.  We  have  not 
made  investigations  for  a  fewer  number  of  bits  to  see  if  2  or  3 
bits  would  also  be  adequate  since  we  estimate  that  this 
normalization  of  the  signal  would  be  virtually  -.mpossible  with 
the  very  limited  dynamic  range  of  2  or  3  bits.  Therefore,  2  or  3 
bit  quantization  will  in  reality  perform  as  badly  as  1  bit 
quantization. 

7.  CONCLUSION. 

We  have  investigated  the  influence  of  quantization  on  the 
estimation  of  the  Doppler  frequency.  This  has  been  done  by 
calculating  the  Cramdr-Rao  lower  bound  for  one-bit 
quantization,  which  gives  a  lower  limit  to  the  variance  of  the 
estimated  Doppler  frequency,  and  by  computer  simulations. 
Based  on  the  investigations  the  following  can  be  concluded: 

•  The  variance  for  one-bit  quantisation  always  is  at  least 
50  %  higher  than  the  variance  for  no  quantization. 

•  around  the  frequencies  which  are  tnulipla  of  one  quarter 
of  the  sampling  frequency  the  variance  and  bias  for  one 
bit  quantization  explodes. 

•  The  variance  and  bias  at  these  frequencies  can  seriously 
influence  turbulence  measurements 

•  The  threshold  (lower  limit)  SNR  for  one  bit  quantization 
is  around  3  dB  higher  than  for  no  quantization. 

•  Quantization  with  4  bits  gives  an  accuracy  very  close  to 
no  quantization  without  the  problems  around  certain 
frequencies. 

It  should  be  noticed  that  these  are  fundamental  problems  of 
one-bit  quantization,  not  problems  of  a  concrete 
implementation.  Based  on  this,  it  can  be  recommended  that  the 
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following  precautions  be  taken  if  one  bit  quantization  is  to  give 
reliable  results 

•  The  range  of  Doppler  frequencies  should  be  kept  within 
one  quarter  of  the  sampling  bandwidth  for  one  bit 
quantization. 

The  answer  to  the  question  posed  is  the  title  can  now  be 
answered:  in  general  one  bit  is  to  little,  while  2  or  3  bits  are 
problematic  due  to  adjustment  problems.  A  quantization  of  4 
bits  is  adequate,  and  there  is  no  gain  in  using  a  higher  number 
of  bits. 

Finally  it  should  kept  in  mind  that  once  then  quantization 
problem  has  been  solved  satisfactory  many  other  factors  of  the 
signal  processing  are  important  in  obtaining  accurate  LDA 
measurements. 


APPENDIX:  DERIVATION  OF  CR  BOUND 
Let  the  signal  be  given  by 

s(t)  =  bq(t)cos(ea  +  0) 

here  4,  is  the  envelope  of  the  signal,  which  depends  on  some 
parameters  in  the  parameter  vector  q  (such  as  signal  amplitude 
and  duration),  which  might  be  know  or  unknown.  We  will 
primarily  concentrate  on  the  case  where  iq  is  constant,  so  that 
q  =  and  Aq(r)  =  and  in  the  derivations  below  we  will  not 

explicitly  note  the  dependencies  of  b  and  accordingly  write  b 
for  bq(t). 

We  will  assume  that  sampling  is  done  on  the  complex 
signal,  i.e.,  on  the  signal  and  its  Hilbert  transform,  which  may 
be  obtained  from  the  real  signal  by  quadrature  mixing.  Thus, 
the  samples  (before  quantization)  can  be  written  as 

A'„  =  j (tn)+W(tn) 

Yn  =  s(/„)+ W(t„) 

where  denotes  Hilbert  transform  and  j(f)  =  tsin(<sf +  0).  W 
is  an  additive  noise  contribution,  which  is  assumed  to  be  white 
Gaussian  of  zero  mean  and  variance  cr2 .  Thus,  the  samples  are 
uncorrelated,  and  the  probability  density  function  (pdf)  of  a 
single  sample  is  given  by 

P(^«;p>  =  ^|^cxp^--^j(A’n-*c0s(fflrn  +  ^))2j  (3) 

where  we  have  explicitly  noted  the  dependency  of  p  on  the 
parameter  vector  p  =  [a>,0,q].  The  pdf  for  T„  is  given 

equivalently.  Since  the  noise  is  uncorrelated  from  sample  till 
sample,  the  total  probability  distribution  is  give  as  a  product: 

*x,Y;p)=fWI;p)np(i;;p) 

(=1  1=1 


From  this  expression  we  can  calculate  the  CR  bound  for  non- 
quantized  sampling,  as  done  in  Rife  and  Boorstyn  ( 1 974) 

One  bit  quantization  corresponds  to  obtaining  the  sign  of 
the  samples.  Thus  we  obtain  a  new  series  of  samples,  which 
can  assume  only  the  values  +1  and  -1 , 

jt„  =sign(A'„) 
y„  =  sign(T„) 

The  pdf  for  x„  is  found  from  (3) 


p(x.  =  -t;p)  =  P(X.<0,p)=  J  -jJ^cxp^—tX.-bcmtax.  +  Vfjdr, 
p(x.  =  +Up)=  f(X,>(y,p)= 


We  can  write  this  as  the  common  expression 

( * )  =  P(  “  r.  P)  =  J  X„-sboos(<a„  +  ff)j2  j dXH 


The  elements  of  the  Fisher  matrix,  due  to  the  real  component, 
are  accordingly 

lj  =  £  L  ~~7~rJ~7.1  — i;  «p 

..lj.il  «.(*)  id2xa  dip,  iJ2xa  dpj 

where  tp[,...  are  the  unknown  parameters  to  be  estimated,  and 


kn(x)~  (*  -  shcos(fflrn  +  0)f 


We  find  an  equivalent  expression  for  the  Fisher  matrix  1*  of 

the  imaginary  component  of  the  signal,  and  the  total  Fisher 
matrix  is 


I  =1*  +ly 

In  general  this  is  a  rather  complicated  expression.  To  get  a 
principal  insight,  we  will  therefore  at  first  consider  the 
simplified  case  where  we  assume  that  phase  and  amplitude  of 
the  signal  is  known.  In  this  case  there  is  only  one  unknown 
parameter  to  be  estimated,  the  frequency  to,  and  the  Fisher 
matrix  is  a  scalar.  After  some  calculation  we  find 
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The  factor  in  the  parenthesis  is  a  periodic,  highly  oscillating 
function  depending  on  both  phase  and  frequency 


-  SNR  -  S  SNR -2  —  SNR-1 

Figure  6.  One  bit  factor 


For  non-quantized  sampling  the  CR  bound  is  in  comparison 
(see  Rife  and  Boorstyn  (1974)): 


'CR.non -quantized  *  ^ 


w=0 


This  is  not  the  best  inequality,  however.  We  are  certain 
without  doubt  that  the  factor  in  the  parenthesis  is  always  £  1 
(see  figure  6),  although  we  have  not  made  a  rigorous 
mathematical  proof  of  this.  Therefore  we  can  give  the 
inequality 

^CR.ooe-bit  ^  l  CR.non-qumUzed 

For  both  frequency  and  phase  unknown,  the  CR  bound  can  be 
found  to 


and  for  non-quantized  sampling  the  CR  bound  is  (see  Rife  and 
Boorstyn  (1974)): 


For  both  frequency,  phase  and  amplitude  unknown  we  get  the 
somewhat  more  complex: 


We  can  make  the  following  evaluation  of  the  CR  bound  for  1 
bit  quantization: 
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.  2  1 

l’mT? 

f, 

6I/,,unJ(o».) 

— ^6j.sui(2<b,  )  cosJ(a»„)  — J-6sin(2<a,) 

-■^■6sin(2iall)  &2*in2(afa) 


^tw,«in(2«r„)  k’f.cos^fflr.) 
^6^sin(2oria)  linear,)  •^•6sm(2aX.) 
6,(tc«,(«r11)  -^fc»in(2ia,)  f>!cos:(<sr„) 


"(I'-F 


Rife,  D.  and  Boorstyn,  R.:  “Single-Tone  Parameter  Estimation 
from  Discrete-Time  Observations”,  IEEE  Transactions  on 
Information  Theory,  vol.  IT-20,  No.  5,  Sep.  1974,  pp.  591-598. 


Notice  that  in  all  these  expressions  the  variance  depends  on 
both  phase  and  frequency  for  the  signal.  For  a  given  frequency, 
the  phase  of  the  Doppler  burst  will  be  random  and  any  phase 
will  be  equally  possible.  Thus,  to  get  the  CR  lower  bound  for  a 
given  phase,  the  variance  should  be  averaged  over  all  phases  (a 
minor  consideration  will  show  that  still  gives  a  lower  bound). 
Thus 


2*/  at  y* 

VCJt,MnsIu»U»d(®)*  J  II J  <»  (4) 

0  V«|=0  ) 

since  the  integration  is  to  be  done  alter  the  matrix  inversion,  it 
is  virtually  impossible  to  arrive  at  an  analytical  expression. 
The  evaluation  of  (4)  must  therefore  be  done  numerical,  which 
is  also  non-trivial  due  to  the  strange  behavior  of  the  one  bit 
factor  (figure  6). 
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ABSTRACT 

The  analysis  of  the  Doppler  signal  is  generally 
performed  by  algorithms  that  are  able  to  provide  only  one 
frequency  information  for  each  burst.  In  this  paper  two 
different  approaches  arc  suggested  in  order  to  obtain 
information  about  velocity  variations  during  the  transit  time: 
-Running  Fourier  Transform; 

-Multilinear  Time  Frequency  Representation. 

The  two  different  approaches  are  tested  by  means  a  numerical 
simulation. 

1 .  THE  RUNNING  FOURIER  TRANSFt  )KM 

Running  Fourier  Transform  (RFT)  is  a  recursive 
algorithm  able  to  continuously  provide  the  Fourier  Transform. 
Suppose  to  have  a  sequence  consisting  of  n+m  samples, 
acquired  at  constant  time  intervals.  A/,  of  a  real  signal  xfti: 

•V*i . Vi.*. . -Wl  (1) 

the  Discrete  Fourier  Transform  of  the  first  n  data  is  given  by: 

ft— 1 

Xf„- 1  =  £  v,  exp( -j2nf  i  to  I  n)  (2) 

»«<> 

The  Fourier  transform  over  the  sequence  obtained  by 
discarding  x0  and  adding  vn  .  is  obtained  by  the  recursive 
formula: 

Xfj,=txpi  j2itf  to  /  n)(  Xfm  t+x„-x0)  (3) 

This  formula  gives  the  Fourier  Transform  at  selected 
frequencies  because  it  is  not  required  to  perform  the 


calculation  for  the  whole  spectrum.  If  the  range  of  the  selected 
frequency  is  limited,  few  calculations  are  required  for  the 
application  of  the  method. 

The  RFT  is  used  for  a  Doppler  signal  analysis, 
according  to  the  following  steps: 

a  FFT  is  performed  at  the  beginning  of  the  burst; 

the  presence  of  a  peak  in  the  power  spectrum  is 

recognised; 

at  the  next  time  step  the  spectrum  is  calculated  only  in  a 
interval  around  the  frequency  peak; 
the  measure  is  validated  when  the  ratio  between  first  and 
second  peak  is  higher  than  a  prefixed  value. 

No  hypothesis  are  required  on  frequency  variation. 
The  number  of  points  considered  for  the  FFT  does  not  affect 
the  computational  cost;  nevertheless  it  must  be  selected 
carefully.  A  large  number  of  points  may  reduce  the  accuracy 
because  of  the  Doppler  broadening  produced  by  the  variation 
of  the  frequency  during  the  burst;  whereas  few  samples  may 
give  poor  accuracy  because  of  aliasing. 

To  increase  the  resolution  without  increasing  the 
number  of  the  samples  it  is  possible  to  apply  the  zero-padding 
technique  modifying  the  relationship  (3): 

X f  „  =  w-(  X f  +  w  ’  ■  xm  — x0 )  (4) 

where: 

w  =  exp[  j  2vf  to  /  (n  +  n' )]  (5) 

and  n’  is  the  number  of  zeros. 


2.  THE  MULTILINEAR  TIME  FREQUENCY 
REPRESENTATION 

Muliiilinear  Time  Frequency  Representation 
(MTFR)  is  a  method  for  the  analysis  of  complex  signal  with 


8.2.1. 


constant  envelop;  these  methods  have  been  proposed  for 
applications  such  as  sonar.  radar,  etc.  (Barhamssa  et  al  1991. 
Barbarossa  1992.  Barbarossa  1993.  Feleg  and  I'orat  1991). 

A  complex  signal  with  constant  envelop  is  given  by: 

xU)  =  Aexp[>6(/)]  (6) 


in  the  power  spectrum,  assigned  the  lags.  Once  estimated  the 
value  ap .  it  is  possible  to  remove  the  higher  order  term  from 
the  polynomial  expression  of  the  phase,  multiplying  x(r)  by: 

exp(-j  2tr  ap  tp/p>)  (14) 


where  A  is  a  constant;  the  phase  <♦>  (i)  is  expanded  in  Taylor 
series: 


p 

tff)=2icy^  f  (7) 

The  r-th  order  kernel  of  x(i I  can  be  computed, 
according  with  the  following  recursive  rule: 

*,(/)  =  *(/)  (8) 

ATjfr.x,  )=/f,(r  +  T,  (9) 

. V1)=^,-|('  +  Vi^t . W 

•Ar*_,(r-Tr_,;t, . xr_,)  for  r2  3  (10) 

where  the  star  denotes  the  complex  conjugate  and  x  ,,t 

2 . x  r  are  time  lags.  The  r-th  order  MTFK  of  the  signal  is 

defined  as  the  Fourier  transform,  of  Kr: 

MTFRr(f.xt . Xr_,)  = 

(11) 

=  J  ^Afr(r.T, . xr_, )  cxp(-/2nf t)di 

It  is  possible  to  show  that  exists  a  relationship 
between  the  kernel  and  the  coefficients  of  the  Taylor 

expansion  of  the  phase  (Barbarossa  1993): 


If  the  estimation  is  correct,  the  resulting  signal  has  a  phase 
given  by  a  polynomial  of  (p-l)-th  order.  The  method  can  be 
repeated  in  a  recursive  way  until  the  estimation  of  the 
coefficient  <>]. 

If  the  signal  is  given  over  (he  interval  [0.T]  .  the  p-th 
order  kernel  is  defined  over  the  interval: 


IvT-2 


L<=i  i=t 


(15) 


The  method  can  be  applied  with  arbitrary  values  of  the  lags, 
assumed  that  the  interval  defined  by  equation  (IS)  is  not 
empty.  If  the  signal  is  sampled  at  constant  lime  step  A /  and  n 
is  the  number  of  samples,  the  resolution  of  the  frequency  is 
given  by  l/(  n  At  ).  From  equation  (13)  results  that  the 
resolution  of  ap  is  given  by: 


i=i 


The  above  expression  shows  that  it  is  possible  to  increase  the 
resolution  of  using  values  of  the  lags  as  larger  as  possible. 
The  velocity  is  related  to  the  phase  by: 


Kp<f*  1 . Vi)= 


=  A2r  1  exp|  y2n2',-‘(«;_1 

i=l 


(12) 


The  above  relationship  shows  that  Kp  is  a  complex  sinusoid 

whose  frequency  /  depends  only  on  the  coefficient  np  and  on 
the  lags: 

/  =  2'”«rfjx.  (13) 

■  i 

The  kernels  with  order  higher  than  p  are  constant  not 
depending  on  the  lags.  The  p-th  order  coefficient  ap  can  be 
estimated  from  the  frequency  cxirrespunding  to  the  maximum 


~WO=b0+bit+. ...+b  jp'1  (17) 
JM  at 

where  5  is  the  fringe  space  and: 


=  8 


a, 

(i-l)f 


(18) 


The  signal  received  by  the  photomultiplier  in  a  LDA 
system  presents  variable  envelope.  If  the  envelope  changes 
slowly  so  that  the  transit  time  is  much  longer  than  the  time  of 
a  Doppler  cycle,  the  properties  of  the  MTFR  are  approximately 
verified. 

To  apply  the  MTFD  time  lags  have  to  be  defined  in 
advance  keeping  in  mind  that. 

the  best  resolution  of  ap  is  obtained  with  large  time  lags; 
the  interval  given  by  equation  (15)  must  be  not  empty; 
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increasing  time  lags  the  interval  becomes  shorter  and  the 
amplitude  of  the  power  spectrum  of  the  kernel  becomes 
smaller. 


3.  SIMULATION 

A  numerical  simulation  is  performed  in  order  to 
verify  the  capabilities  of  (he  two  proposed  methods  to  detect 
velocity  variations  of  the  particle  that  crosses  the  measurement 
volume  in  a  LDA  system  (Cajani  et  al.  1 992 ). 


Gaussian 

white 

noise 


Fig.l  Overview  of  the  LDA  system  simulator 


The  simulation  is  able  to  lake  into  account  all 
components  of  the  measurement  chain  of  a  LDA  system 
(fig.l).  It  is  supposed  that  the  velocity  of  the  particle  changes 
with  a  polynomial  law  as  given  in  table  I . 


Table  1-  assigned  coefficient  for  the  velocity 


8.0  1  O'2 

m/s 

5.0 

m/s' 

h. 

5.0  103 

m/s 

b;  per  i  >  2 

0 

The  Doppler  signal  received  from  the 
photomultiplier  is  calculated  by  means  of  the  Mie  optics. 
White  Gaussian  noise  is  added  to  the  Ignal  in  order  to  verify 
the  effectiveness  of  the  proposed  methods  m  presence  of  noise. 
The  signal  is  then  band-pass  filtered  in  order  to  eliminate 
higher  frequencies  and  the  pedestal.  The  methods  are 
compared  in  two  test  cases  described  in  table  2. 


Table  2-  LDA  system  configuration 


parameter 

test  case 

1 

test  case 

2 

laser  beam  diameter 

120 

120 

lO^m 

laser  beams  angle 

0.05 

0.1 

rad 

wavelength 

0.614 

0.614 

lO^m 

scattering  angle 

0.524 

0.524 

rad 

photomultiplier  distance 

0.6 

0.6 

m 

band  filters 

5-15 

10-30 

kHz 

sampling  rate 

146.6 

292.3 

kHz 

The  signal  received  from  the  photomultiplier  is 
shown  in  fig.2;  the  output  of  the  filters  in  shown  in  fig.  3.  The 
sampling  frequency  is  selected  about  ten  times  higher  than  the 
maximum  frequency  of  the  signal. 

Some  parameters  arc  need  to  be  selected  before 
using  the  RFT: 

number  n  of  the  points  for  the  Fourier  transform; 
the  method  to  increase  spectrum  resolution,  if  needed; 
measurement  validation  criteria. 

The  frequency  of  the  absolute  maximum  in  the 
power  spectrum,  considered  as  Doppler  frequency,  is  found 
using  a  polynomial  interpolation.  To  validate  the  spectrum  the 
two  largest  maxima  are  compared;  if  the  ratio  between  them  is 
greater  than  three,  the  measurement  is  validated.  The  factor 
three,  was  found  a  good  criteria  to  have  a  low  rate  of  false 
measurements. 

RFT  is  applied  to  300  samples  corresponding  to  a 
time  interval  of  2  10'3sec  around  the  centre  of  the  burst.  The 
number  of  points  considered  in  the  FFT  is  64  with  a  zero 
filling  up  to  128  samples.  In  fig.4.  is  shown  the  assigned  law 
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and  the  results  obtained  by  RFT:  the  method  is  able  to 
reproduce  the  curve;  the  validation  is  about  309f. 

The  capability  of  the  method  has  been  verified  in 
presence  of  noise;  a  test  is  carried  out  with  0  dB  signal  to 
noise  ratio  SNR  before  the  filters  (fig. 5).  The  results  are  in 
good  agreement  with  the  assigned  velocity  variation  law. 

In  order  to  use  the  MTFR  the  filtered  signal  is 
transformed  in  the  complex  form  by  a  Hilbert  filter  that 
produces  two  outputs  with  a  phase  difference  of  ml.  The 
MTFR  is  applied  the  first  to  the  signal  without  noise  to  350 
samples  corresponding  to  a  interval  of  2.4  10'-'  sec  around  the 
centre  of  the  burst.  The  lag  are  t  \  x  2  =  0.35- 10‘ 3  s 
corresponding  to  50  samples  each  one. 


•itr'mv 


Fig. 2  Doppler  signal  due  to  a  particle  that  crosses  the 
measurement  volume  with  increasing  velocity. 
No  noise 


mV 


Fig.  3  Filtered  signal 


(m/MC) 


Fig.  4  Comparison  between  the  assigned  velocity  law  and  the 
result  obtained  by  RFT.  No  noise. 


Fig.  5  Comparison  between  the  assigned  velocity  law  and  the 
result  obtained  by  RFT.  SNR=0  dB 


Fig.  6  3rd  order  kernel  of  the  signal  (test  case  1 ) 

In  fig.6  is  plotted  the  3-rd  order  kernel  of  the  signal; 
according  to  equation  (15)  the  kernel  is  defined  over  150 
samples.  The  figure  shows  that  the  frequency  of  the  kernel  is 
low  so  that  only  half  cycle  is  present.  This  problem  depends  on 
the  relationship  between  the  frequency  of  the  kernel  and  the 
lags  given  by  equation  (16).  Since  the  duration  of  the  signal  is 
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Fig.  9  3-rd  order  kernel.  Test  case  2.  No  noise. 


Fig.  12  Power  spectrum  of  the  3-rd  order  kernel  Test  case 
No  noise. 


1  -st  order  kernel.  Test  case  2.  No  noise. 


Fig.  14  Power  spectrum  of  the  1  -st  order  kernel.  Test  case  2 
No  noise. 


limited  also  the  lags  must  be  limited  ami  the  frequency  results 
very  low.  In  this  case  the  method  is  even  applicable  to  detect 
the  coefficient  01  ,.te  second  order.  In  fig. 7  and  fig.8  are  given 
the  plots  of  k.inel  of  2-nd  and  1  -st  order. 


Fig.  7  2nd  order  kernel  (test  case  1 ) 


t/Te 

Fig  8  1-st  order  kernel  (test  case  1 ) 

The  3-rd  order  kernel  is  plotted  in  fig.9.  The  kernel 
frequency  is  detected  by  FFT;  the  frequency  resolution  is 
increased  by  zero-filling  up  to  1024  samples  (fig.  12).  From 
the  spectrum  it  is  possible  to  delect  the  frequency 
corresponding  to  the  peak  and  then  calculate  the  coefficient  ay. 
in  this  way  it  is  possible  to  calculate  the  coefficient  given  by 
equation  (14)  and  then,  according  to  the  method  described 
above,  it  is  possible  in  obtain  the  2 -order  kernel  that  evaluates 
the  coefficient  (Fig.  10.  13).  The  fig  shows  that  the  kernel 
has  envelope  that  varies  similar  to  the  envekip  of  the  signal; 
the  power  spectrum  is  displayed  in  fig.  13;  from  this  spectrum 
it  is  possible  to  detect  a2.  According  to  the  same  method  it  is 
elaborated  the  l-st  order  kernel.  This  kernel  presents  a 
constant  frequency  that  depends  only  from  the  i -order 


coefficient  of  the  phase  (fig.  1 1 .  14).  By  equation  (18)  it  is 
possible  to  elaborate  the  coefficients  of  the  velocity  and  then 
compare  the  assigned  law  with  the  law  estimated  by  MTFR 

(fig.  15). 

In  the  second  test  case,  increasing  the  angle  between 
the  laser  beams,  a  double  number  of  Doppler  cycles  is 
obtained.  In  this  situation  the  3-order  coefficient  of  the  phase 
of  the  signal  can  be  detected  more  carefully. 


Fig.  15  Comparison  between  assigned  velocity  law  and  results 
obtained  by  MTFR 
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abstract 

The  use  of  laser  Doppler  measurements  to  calculate 
the  spectrum  of  turbulence  using  a  sample  and  hold  technique 
is  outlined  and  the  extension  of  the  procedure  to  enable  the 
cross  spectrum  between  the  LDA  measurements  and 
equi spaced  data  from  conventional  instruments  is  examined. 
The  effect  of  the  sample  and  hold  process  on  the  cross  spectral 
properties  is  to  introduce  a  drop  in  the  coherence  as  a 
consequence  of  the  step  noise  and  a  phase  lag  due  to  the  low 
pass  filter  effect  The  paper  examines  these  errors  and  shows 
how  they  can  be  estimated  when  calculating  the  cross  spectra 
between  LDA  and  conventional  data.  The  effect  of  mean 
sample  rate  on  the  coherence  and  phase  is  predictable  and 
illustrated  using  a  numerical  simulation.  The  procedures  are 
then  used  to  examine  the  cross  spectrum  between  LDA  and 
hot  wire  measurements  for  turbulent  flows  with  and  without 
coherent  eddy  structures 

I  INTRODUCTION 

The  fundamental  understanding  of  problems  such  as 
flow  induced  vibration  or  noise,  heat  transfer  in  turbulent 
flows  or  noise  generation  in  turbulent  combusting  flows 
requires  measurement  of  the  interaction  of  the  various 
parameters.  The  experimental  analysis  of  these  systems 
involves  quantifying  the  interaction  of  parameters  either  to 
validate  a  theoretical  model  or  develop  an  empirical 
relationship  to  predict  the  system  behaviour.  The 
interdependence  of  two  parameters  is  usually  estimated  from 
the  cross  spectrum  or  the  cross  covariance  function  and  the 
various  techniques  for  analysis  have  been  detailed,  for 
example,  by  Bendat  &  Piersol  (1986).  For  data  acquired  from 
instrumentation  where  the  output  is  a  continuous  function,  the 
calculation  of  the  spectra  and  cross  spectra  of  the  parameters 
of  interest  is  straightforward  and  is  readily  determined  directly 
using  a  hardware  type  spectrum  analyser  or  by  software 
analysis  of  digitised  data.  However,  the  data  from  most  laser 
Doppler  systems  is  usually  digital  data  with  intermittent 
spacing  and  the  determination  of  the  autospectrum  of  the  LDA 
output  and  of  its  cross  spectrum  with  measurements  from  other 
conventional  instruments  is  not  straightforward.  The 
autospectrum  of  turbulence  can  be  estimated  from  IDA 


signals  using  a  number  of  different  procedures  These  are 
usually  based  on  either  time  domain  analysis  such  as  the 
correlation  slotting  technique  devised  by  Gaster  &  Roberts 
(1975)  to  obtain  the  autocorrelation  function  and  hence  the 
autospectrum  or  frequency  domain  procedures  using  a  sample 
and  hold  procedure  as  described  by  Adrain  &  Yao  (1987)  The 
extension  of  the  correlation  slotting  technique  to  the 
determination  of  cross  correlation  functions  would  be  difficult 
whereas  the  sample  and  hold  procedure  with  subsequent  use 
of  an  FFT  algorithm  to  estimate  the  spectrum  lends  itself  to 
the  efficient  calculation  of  the  cross  spectrum.  Two  problems 
which  arise  as  a  consequence  of  the  intermittent  sampling  are 
ensuring  that  the  data  to  be  analysed  is  compatible  in  time  (i.e 
the  records  are  coincident)  and  in  estimating  the  errors  that 
arise  from  imposing  a  sample  and  hold  type  data  acquisition 
procedure  on  the  LDA  data  The  errors  associated  with  the 
sample  and  hold  process  have  been  given  in  detail  by  Adrain 
&  Yao  ( 1 987)  and  comprise  of  a  step  noise  which  is  due  to  the 
sample  and  hold  process  and  a  low  pass  filter  effect  both  of 
which  are  functions  of  the  mean  sample  rate  of  data 
acquisition.  A  more  recent  paper  by  Lee  &  Sung  (1994)  has 
compared  the  errors  in  estimating  the  autospectrum  of 
turbulence  from  LDA  data  using  a  number  of  different 
procedures. 

In  this  paper,  synthesised  signals  are  used  to 
illustrate  how  errors  influence  the  determination  of  coherence 
and  phase  when  calculating  cross  spectra  between  randomly 
sampled  data  and  data  sampled  at  equal  intervals.  Then, 
results  from  LDA  and  hot  wire  measurements  in  a  grid 
generated  turbulent  flow  and  a  vortex  dominated  flow  are 
report. 


2  SPECTRAL  ANALYSIS 

For  the  work  reported  in  this  paper,  a  sample  and 
hold  procedure  was  used  to  analyse  the  data  from  a  counter 
processor  An  advantage  of  using  the  sample  and  hold 
procedure  is  that  spectral  and  coherence  values  are  unaffected 
by  bias  due  to  particle  statistics  as  shown  by  Tropea  (1987).  In 
addition,  the  sample  and  hold  method  allows  the  spectral 
analysis  to  be  based  on  FFT  type  procedures  with  considerable 
reduction  in  computational  effort  as  shown  by  McDonnell  & 
Fitzpatrick  (1992).  For  any  process  where  x(t)  is  the  input  to 
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some  dynamic  system  and  y(t)  is  the  output  from  or  response 
of  the  system,  the  autospectra  of  x(t)  &  y(t)  and  the  cross 
spectrum  between  x(t)  &  y(t)  are  defined  by  : 

G„  (/)  =  £<  JT(/)-X(/)> 

G„(/)=£<r(/).y(/)>  (1) 


uncorrelated  and  neither  is  correlated  with  either  i(t)  or  r(t), 
then  the  contamination  can  be  expressed  in  spectral  form  as : 

G»(/)  =  G.(/)+Gj/) 

G„(/)  =  g„(/)+g_(/)  m 

The  coherence  function  between  x(t)  and  y(t)  is  thus  given  by 


where  X(f)  &  Y(f)  are  the  finite  Fourier  transforms  of  x(t)  & 
y(t),  denotes  a  conjugate  and  E<  >  denotes  an  averaging  or 
expectation  operator.  The  autospectra  give  the  distribution  of 
the  variance  of  each  process  as  a  function  of  frequency.  The 
cross  spectrum  contains  information  on  the  relationship 
between  the  two  processes  and  this  is  usually  expressed  in  the 
form  as  a  transfer  function  as : 

M/)«G»(/)/G.(/)  (2) 


This  gives  the  magnitude  and  phase  of  the  linear  relationship 
between  x(t)  and  y(t).  For  practical  analysis,  a  normalised 
form  of  the  cross  spectrum  termed  the  coherence  function  is 
used  to  determined  the  fractional  power  of  the  output  which  is 
linearly  related  to  the  input  at  every  frequency.  The  coherence 
function  yHj)  is  defined  as  : 


g;(/)g„(/) 

G„(/)G„(/) 


(3) 


and  is  bounded  by  0  and  1 .  It  is  a  frequency  domain  equivalent 
to  the  normalised  cross  covariance  function.  When  a  system  is 
of  the  single  input/output  type,  then  for  a  linear  system,  the 
coherence  function  should  be  unity  at  all  frequencies.  If  it  is 
not,  then  the  system  is  either  non-linear  or  has  been 
contaminated  by  measurement  noise. 

2.1  The  Effect  of  Noise 

In  most  practical  cases,  measurement  noise  can 
contaminate  the  analysis  so  that  the  system  is  as  shown  in 
figure  i. 


Here,  n(t)  &  m(t)  are  noise  added  to  the  input,  i(t)  and  output, 
r(t)  respectively.  If  these  noise  contaminations  are  mutually 


{g,(/)+g_(/)}+{g’(/)+g_(/)} 

(5) 

as  compared  with  the  expression  of  equation  (3).  Clearly,  the 
effect  of  noise  at  both  the  input  and  the  output  is  to  reduce  the 
coherence  function.  If  the  noise  contamination  is  known  or 
measurable,  then  it  is  possible  to  predict  its  effect  and  to 
remove  it  from  the  auto  and  cross  spectra  so  that  noise  free 
calculations  can  be  performed. 

2.2  Noise  Arising  from  the  Sample  and  Hold  Process 

The  sample  and  hold  process  has  been  shown  by 
Adrain  &  Yeo  (1987)  to  contaminate  the  velocity 
measurements  obtained  by  a  laser  Doppler  system  by  adding  a 
noise  component  (termed  step  noise)  and  by  acting  as  a  low 
pass  filter.  These  are  shown  schematically  in  figure  2  where 
u(t)  is  the  velocity,  s(t)  corresponds  to  the  step  noise  and  the 
low  pass  filter  is  represented  by  L(f). 


The  above  equations  for  noise  etc.  can  now  be  written  as : 

G,(/)-G.(/)+C.(/) 

G„(/)  =  |i(/)fG„(/)  (6) 

G„  (f)  =  (/)  =  Gjj) + Gjj) 

Thus,  the  coherence  function  between  u(t)  and  y(t)  is: 

g-„(/)gJ/) 

*u  g„(/)g(/) 

(7) 

'  <  +  lG„(/)/G„(/)j 
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The  step  noise  will,  therefore,  result  in  a  reduction  of  the 
coherence  function  and  the  low  pass  filter  will  cause  phase 
distortion  when  the  velocity  data  are  to  be  used  with  other 
measurements  to  obtain  information  on  interaction.  The 
expresion  for  the  step  noise  given  by  Adrain  &  Yeo  (1987)  is: 


G.(f)  = 


(8) 


where  is  the  variance  of  the  velocity,  fm  is  the  mean  data 
rate  and  Tx  is  the  Taylor  microscale.  The  effect  of  the  step 
noise  on  coherence  measurements  can  thus  be  estimated  for 
typical  spectra. 

For  example,  for  white  noise  with  variance  CT~U  ,  the 
spectrum  can  be  defined  as: 


and  the  Taylor  microscale  is: 

T^&lf 


giving  the  signal  to  noise  ratio  as: 

GJJ)  3[7,V 


(9) 


For  other  spectra,  the  signal  to  noise  ratio  can  also 
be  determined.  In  all  cases,  the  step  noise  is  a  constant  so  that 
its  influence  will  be  more  evident  at  those  frequencies  where 
energy  levels  are  low. 

2.4  Numerical  Simulations 


To  examine  the  error  expressions  derived  in  the 
previous  section,  a  series  of  simulations  using  data  with  white 
noise  and  "pink  noise"  type  spectra.  Data  sets  with  Gaussian 
characteristics  and  prescribed  mean  and  variance  were 
generated  using  an  inverse  Fourier  transform  procedure  (Rice 
&  Fitzpatrick,  1988).  Two  sets  of  data  were  used  with  time 
steps  equivalent  to  IS  kHz,  the  first  with  a  white  noise  type 
spectrum  from  I  Hz  to  1  kHz  and  the  second  a  pink  noise 
spectrum  with  a  cut  ofT  at  1  kHz.  Each  data  set  was  then 
sampled  at  equal  time  intervals  and  at  different  mean  sample 
rates  with  a  Poisson  distribution  to  represent  data  from  a 
counter  type  LDA  processor.  This  was  achieved  by  calculating 
the  sample  times  using  the  algorithm 

— T>n(l-aJ  (10) 


where  an  is  a  random  variable  uniformly  distributed  between 
0  and  1.  For  the  comparison  of  uniformly  and  randomly 


sampled  data,  the  latter  was  sampled  at  3, 6,  8,  10  &  IS  kHz, 
and  the  former  at  4kHz. 

The  randomly  sampled  data  was  then  resampled  at 
equal  time  intervals  equivalent  to  4  kHz  and  the  Fourier 
transforms  of  both  data  sets  were  computed  using  the  FFT 
algorithm.  Direct  and  cross  spectra  were  evaluated  for 
comparison  as  described  in  section  2.  Figure  3(a)  shows  the 
autospectra  for  the  white  noise  with  various  mean  random 
sampling  rates  and  it  can  be  seen  that  little  error  is  evident  in 
the  data.  However,  the  coherence  functions  between  the 
regularly  and  randomly  sampled  data  are  plotted  in  figure  3(b) 
and  the  effect  of  mean  sample  rate  is  significant  and  is  as 
predicted  from  equations  (7)  and  (9)  with  the  exception  of  the 
lowest  sample  rate.  The  results  for  pink  noise  are  shown  in 
figure  4.  The  effect  of  mean  sample  rate  on  the  autospectrum 
is  to  introduce  errors  at  the  higher  frequencies  where  the  ratio 
of  signal  to  step  noise  is  reduced.  For  the  coherence  functions, 
again  the  effect  of  mean  sample  rate  is  significant  especially  at 
the  higher  frequencies.  Again,  these  effects  are  predictable 
from  the  analysis  of  the  foregoing  section. 

Results  for  the  effect  of  sample  frequency  on  the 
phase  between  u(t)  and  y(t)  showed  that  there  was  no  phase 
distortion  when  the  mean  data  rate  was  twice  the  maximum 
frequency.  When  the  data  rate  was  less  than  this,  a  positive 
phase  was  observed  and  when  it  was  greater,  a  phase  lag  was 
obtained.  These  errors  would  influence  the  estimation  of  the 
transfer  function  between  the  LDA  measurements  and  other 
data  but,  as  the  effects  are  predictable,  they  can  easily  be 
corrected. 


3.  EXPERIMENTS 

A  series  of  experiments  were  performed  in  which  the 
measurements  from  an  LDA  system  were  directly  compared 
with  those  from  a  hot  wire  in  both  a  grid  generated  turbulent 
flow  and  vortex  dominated  flow.  Autospectra  and  coherence 
functions  and  phase  were  determined  for  various  flow  and 
turbulence  conditions. 

3.1  Instrumentation  &  Analysis 

A  single  channel  laser  Doppler  system  with  a  32m W 
He-Ne  laser  was  used  operating  in  forward  scatter  with  focal 
length  of  transmitting  and  receiving  lenses  of  350mm.  The 
photomultiplier  signal  was  processed  using  a  TSI  1980B  type 
counter  interfaced  to  a  386-pc  using  a  DMA  board.  The  hot 
wire  was  a  55P14  miniature  probe  driven  by  a  55M01 
anemometer  module  with  a  55D10  iineariser.  The  hot  wire 
signal  was  interfaced  to  the  pc  using  an  A/  D  board  with  a 
sample  rate  of  4kHz.  The  simultaneous  sampling  of  the  data 
was  achieved  by  free  running  the  A/D  board  until  an  interupt 
signal  was  recived  from  the  counter.  This  signified  a  data 
ready  condition  and  the  LDA  data  was  then  transferred  to  the 
computer.  The  hot  wire  data  was  then  stored  using  a 
backcount  from  the  interupt  signal  to  ensure  the  data  was 
compatible.  A  series  of  tests  in  which  the  flow  velocity  was 
suddenly  changed  were  performed  to  check  the  timing  of  the 
data  acquisition  arrangement.  The  LDA  data  was 
reconstructed  with  time  intervals  of  ten  times  the  mean  data 
rate  (~5kHz)  and  a  Lanczos  low  pass  filter  was  implemented 
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to  avoid  aliasing  problems  when  performing  the  spectral 
calculations.  Details  of  the  procedure  have  been  given  by 
McDonnell  &  Fitzpatrick  (1992).  The  auto  and  cross  spectra 
were  then  calculated  in  the  normal  way  and  the  coherence 
functions  and  phase  determined  from  these. 

3.2  Experimental  Set-Up 

A  low  turbulence  wind  tunnel  with  a  working 
section  of  127mm  square  was  used  for  the  experiments.  For 
the  grid  generated  tubulence,  two  sizes  of  mesh  were  used  and 
the  hot  wire  and  the  laser  aligned  together  slightly  off  centre 
of  the  tunnel  axis.  Measurements  were  obtained  at  velocities 
of  S  m/s  and  10  m/s  with  turbulence  intensities  of  5%  and 
15%  for  each  velocity.  For  the  vortex  flow,  a  cylinder  was 
mounted  in  the  tunnel  and  measurements  were  taken  close  to 
the  separating  shear  layer  where  coherent  vortex  action  was 
expected.  For  this  setup,  a  miniature  microphone  located  on 
the  surface  of  the  cylinder  was  used  to  monitor  the  fluctuating 
pressure  at  the  separation  point.  Cross  spectral  calculations  of 
the  microphone  measurements  and  the  LDA  data  were 
performed  as  described  for  the  LDA-hot  wire  measurements 
and  for  the  microphone-hot  wire  measurements,  a  spectrum 
analyser  was  used  for  the  analysis. 

3.3  Results 

For  the  grid  generated  turbulence,  the  results  for  the 
autospectra  from  both  hot  wire  and  LDA  data  are  shown  in 
figures  5(a)  and  (b)  for  10  m/s  with  turbulence  levels  of  5% 
and  15%.  These  show  good  agreement  across  the  frequency 
range.  However,  the  coherence  function  plotted  in  figures  5  (c) 
and  (d)  for  each  of  these  shows  that  the  data  is  very  poorly 
correlated  expecially  at  the  higher  frequencies.  The  phases  are 
shown  in  figures  5  (e)  and  (f)  and,  at  low  frequencies,  these 
show  a  slight  lag  characteristic  as  expected  as  the  hot  wire  is 
located  somewhat  behind  the  LDA.  At  higher  frequencies,  the 
lack  of  any  coherence  between  the  LDA  and  hot  wire  renders 
the  phase  data  meaningless.  Similar  results  were  observed  at 
5  m/s. 

For  the  vortex  dominated  flow,  the  results  of  the 
autospectra  for  the  LDA  and  hot  wire  measurements  are 
shown  in  figure  6(a).  From  the  coherence  between  the  LDA 
and  the  hot  wire  in  figure  6(b)  and  the  LDA  and  the 
microphone  in  figure  6(c),  it  is  clear  that  they  are  correlated 
only  at  the  vorticity  frequency  and  elsewhere,  noise  is  clearly 
dominant  resulting  in  no  coherence  between  the 
measurements.  The  coherence  between  the  hot  wire  and  the 
microphone  is  plotted  in  figure  6(d).  This  shows  the  same 
characteristics  as  the  LDA  results  indicating  that,  in  flows 
with  coherent  structures,  there  is  little  evidence  of  linear 
interdependence  at  other  frequencies. 


4.  DISCUSSION  &  CONCLUSIONS 

The  effect  of  the  sample  and  hold  process  on  cross 
spectral  calculations  has  been  examined.  This  has  been  shown 
to  reduce  coherence  function  estimates  by  a  factor  dependent 
on  the  ratio  of  the  mean  sample  frequency  of  the  randomly 
sampled  data  and  the  normal  cut-off  frequency.  As  the  step 
noise  is  constant,  the  ratio  of  signal  to  noise  depends  on  the 
spectrum  to  be  measured.  The  agreement  between  the 
theoretical  estimates  and  the  numerical  simulations  is, 
generally,  very  good.  Thus,  for  broadband  turbulent  spectra, 
the  step  noise  will  greatly  influence  coherence  measurements 
in  the  higher  frequency  range.  In  addition  to  the  step  noise,  the 
low  pass  filter  causes  a  phase  lag  which  should  be  corrected 
when  estimating  transfer  functions  using  LDA  data. 

For  the  experimental  results,  although  the 
atuospectra  for  the  LDA  and  hot  wire  measurements  are 
generally  in  good  agreement  for  the  grid  generated  turbulence, 
the  coherence  between  them  is  poor,  especially  at  the  higher 
frequencies  where  no  correlation  is  evident  at  both  turbulence 
levels.  For  the  measurements  in  the  vortex  shedding  region, 
the  coherence  is  high  only  at  the  vortex  shedding  frequency. 
The  microphone  measurements  show  that  this  is  the  case 
regardless  of  whether  a  sample  and  hold  process  is  used  or 
not.  These  results  show  the  poor  linear  and  spatial  correlation 
between  measurements  of  turbulence  especially  at  high 
frequency  and  have  implications  for  the  use  of  laser  Doppler 
velocimetry  for  measurements  of  the  spatial  structure  of 
turbulence. 
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Figure  5:  Results  for  grid  generated  turbulence 
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Figure  6:  Results  for  vortex  dominated  flow 

(a)  autospectra 

(b)  coherence  for  LDA  &  hot  wire 

(c)  coherence  for  LDA  &  microphone 

(d)  coh  erence  for  hot  wire  &  microphone 
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Abstract 

Microscopic  structures  in  turbulent  diffusion 
flames  are  studied  by  time-resolved  temperature 
distributions  measured  by  a  laser-sheet-illuminated 
Rayleigh  scattering  (LRS)  method  recorded  by  a 
high-speed  VTR  system,  and  one-point  LRS  measure¬ 
ment.  The  microscopic  structures  of  temperature 
distribution  are  measured  by  analyzing  the  two- 
dimensional  LRS  pictures  by  image  processing.  Co¬ 
axial  turbulent  diffusion  flames  at  moderate 
Reynolds  numbers,  which  exhibit  typical  diffusion 
flame  structures,  are  formed  on  laboratory-scale 
burners.  It  is  found  that  the  flame  can  be  divided 
into  four  characteristic  regions  based  on  the  dis¬ 
tributions  of  macroscale  temperature  fluctuations. 
These  four  regions  are  visualized  by  the  two-dimen¬ 
sional  LRS  images.  The  turbulent  heat-transfer 
mechanisms  in  these  four  regions  are  discussed  in 
terms  of  the  two-dimensional  LRS  and  the  power 
spectral  density  of  temperature  fluctuations  meas¬ 
ured  by  one-point  LRS.  Clusters  of  temperature  in¬ 
homogeneity  are  observed  by  the  image  analyses  in 
Regions  I  and  III.  It  is  found  that  different 
structures  of  microscopic  temperature  inhomogeneity 
exist  within  Taylor's  dissipation  length  scale 
defined  by  velocity  fluctuations. 

1. Introduction 

Space-  and  time-resolved  fundamental  informa¬ 
tion.  such  as  velocity,  temperature  and  concen¬ 
trations  of  chemical  species,  is  quite  essential 
for  the  detailed  study  of  mixing,  reaction  and 
heat-transfer  mechanisms  in  a  turbulent  diffusion 
flame.  In  the  authors'  previous  studies,  the  turbu¬ 
lent  diffusion  flame  structures  were  studied  by 
time-resolved  one-point  LRS  measurement.  The  turbu¬ 
lent  time  scale  was  obtained  therein  from  the 
temperature  fluctuations.  It  was  determined  that 
the  flame  could  be  divided  into  four  regions  based 
on  the  characteristics  of  time  scale.  The  time- 
dependent  phenomena  have  often  been  masked  by  the 


statistical  analyses,  and  the  spatial  structures  of 
turbulent  diffusion  flames  are  not  yet  fully  under¬ 
stood. 

Recently,  new  laser  spectroscopy  techniques 
have  been  adopted  to  measure  the  planar  images  of 
scalar  quantities  in  the  reacting  flows  by  using  a 
laser  sheet  as  an  incident  light  source (1)- (9) . 
Such  spatial  information  cannot  yet  explain  the 
heat-transfer  mechanisms  occurring  in  the  mixing 
process  without  additional  information.  Various 
methods  such  as  fluorescence  and  Mie  scattering 
have  been  used  to  measure  the  specie  concentrations 
and  instantaneous  shapes  of  flame  and/or  fuel  flow. 
With  planar  fluorescence  spectroscopy  it  is 
slightly  difficult  to  obtain  qualitative  informa¬ 
tion  for  the  entire  observation  area  since  it  is 
rather  hard  to  excite  all  of  the  target  molecules 
in  the  saturated  condition (10).  On  the  other  hand 
the  Mie  scattering  method  is  the  easiest  technique 
for  obtaining  the  plane  images (1)- (3).  However,  the 
difficulty  in  uniform  introduction  of  fine  parti¬ 
cles  into  the  flow  remains  a  problem.  An  LRS  can 
measure  the  time-resolved  gas  temperature  in  the 
reaction  flow  if  the  bulk  scattering  cross  sections 
of  the  air,  fuel  and  combustion  gas  mixture  does 
not  change  very  much  before,  during  and  after  the 
combustion. 

Fourguette  et  al.  (4)  presented  a  time-resolved 
two-dimensional  LRS  to  map  the  instantaneous  tem¬ 
perature  of  a  non-premixed  flame.  They  obtained 
important  information  for  the  large-scale  struc 
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Fig.  1  Alignment  of  optical  system. 


tures  in  the  turbulent  mixing  region  between  fuel 
flow  and  surrounding  air.  On  the  other  hand. 
Gouldin(l)  and  Takeno  and  Murayama(2)  attempted  to 
predict  the  turbulent  burning  velocity  and  discuss 
the  flame  structures  in  premixed  turbulent  flames 
by  fractal  analyses  applied  to  the  images  obtained 
by  laser  tomography.  Some  papers  correlated  the 
recorded  signals  of  the  phenomena  occurring  in  the 
flame  with  the  images  taken  simultaneously. 

This  study  discusses  in  detail  the  microscopic 
structures  of  temperature  inhomogeneity  existing  in 
the  focused  point,  which  corresponds  to  a  minute 
volume,  of  incident  laser  light  to  measure  the  one- 
point  local  temperature  by  LRS  thermometry.  Typical 
microscopic  structures  were  found  to  correspond  to 
the  mixing  and  reacting  mechanisms  in  each  region. 
Texture  analyses  were  carried  out  to  clarify  the 
spatial  and  time-resolved  mechanisms  of  turbulent 
combustion  in  the  tested  flames.  The  microscopic 
clusters  of  temperature  inhomogeneity  were  found  to 
exist  within  Taylor’s  dissipation  length. 

2. Experimental  Apparatus 

Figure  1  shows  the  alignment  of  the  optical 
system.  The  LRS  at  the  wavelength  of  488  nm  sup¬ 
plied  from  an  Ar  ion  laser  was  adopted  to  measure 
the  flame  temperature.  A  pair  of  spherical  multi¬ 
reflection  mirrors  reflected  the  laser  light  about 
ten  times  to  intensify  the  incident  light  power  at 
the  focused  point.  This  system  could  detect  the 
temperature  fluctuation  up  to  10kHz  for  one-point 
measurement.  In  order  to  measure  the  two-dimen¬ 
sional  microscopic  structure  of  temperature  fluc¬ 
tuations  in  the  focused  point,  the  combination  of  a 
close-up  lens  and  bellows  system  enlarged  the  local 
temperature  distribution  inside  the  area  of 
0.22x0.44  mm^.  The  image  intensifier  was  used  to 
strengthen  the  power  of  the  image  of  scattered 
light.  A  high-speed  video  camera  (nac400)  recorded 
the  thus-enlarged  and  intensified  LRS  images.  The 
area  of  one  pixel  was  calibrated  as  1.79  x  1.79praro^ 
by  taking  an  image  of  a  standard  mesh. 

The  mixed  gaseous  fuel  of  62. 2%H2+37. 8%CH^  was 
fed  to  the  coaxial  burner  in  which  a  fuel  pipe  of  2 
pam  I.D. .  was  surrounded  coaxially  by  an  air  pipe 
of  64mm  I.D. .  Burner  Reynolds  number  was  fixed  at 
5,000.  The  bulk  Rayleigh  scattering  cross  section 
of  this  fuel  does  not  differ  by  more  than  5%  from 
those  of  air,  fuel  and  burnt  gas  before,  during  and 
after  combustion.  The  test  section  was  fixed  at 
x/D=25. 

A  pair  of  LDV  systems  was  adopted  to  measure 
Taylor’s  dissipation  length  by  two-point  correla¬ 
tion  of  velocity  fluctuations  at  50  and  51.  15mm 


above  the  burner  tip,  respectively.  Talcum  powder 
of  2pmm  nominal  diameter  was  used  as  the  seeding 
particle  for  LDV  measurement. 

3.  image  Analysis 

The  time-resolved  VHS  image  was  converted  into 
an  RGB  plane  of  512x512pixels.  The  LRS  signal 
stored  in  the  region  of  125x250  pixels  in  the  G- 
image  plane  was  selected  to  be  converted  into  the 
temperature  signal.  The  irregularity  of  incident 
laser  intensity  in  the  measuring  plane  was  cor¬ 
rected  before  conversion  by  the  intensity  pattern 
obtained  at  300K.  Flame  luminosity  always  varies  in 
the  signal  in  Regions  I  and  II;  we  must  correct 
this  effect.  However,  attention  must  be  paid  to  the 
signal  in  Region  III  since  there  exist  moments  when 
the  flame  zone  covers  the  entire  area,  and  the  air 
forms  the  large-scale  roll-up  eddies  which  entrain 
the  surrounding  air  into  the  flame  region.  Figure 
2  shows  the  probability  density  functions  (PDF)  of 
typical  LRS  signals  in  the  cases  where  the  flame 
region  exists  within  the  frame,  for  PDF  of  back¬ 
ground  at  300K  and  where  flame  luminosity  appeared 
in  the  converted  G-plane.  The  PDF  of  flame  luminos¬ 
ity  was  almost  constant  for  all  these  cases,  and  it 
was  corrected  before  conversion.  The  lower  limit  of 
the  time  difference  for  the  correspondence  between 
the  LDV  signals  at  two  measuring  points  was  deter¬ 
mined  as  1.6kHz  to  obtain  the  velocity  correlation. 
This  value  was  selected  as  the  aerodynamic  follow- 
ing-up  ability  of  seeded  fine  particles  to  the  gas 
flow  and  was  estimated  as  5  kHz;  the  data  pairs 
within  an  internal  three  times  as  long  this  charac¬ 
teristics  time  interval  were  used  in  the  analysis. 

4.  Results  and  Discussion 

The  results  obtained  by  cluster  analysis, 
with  different  sizes  of  spatial  filters,  of  the 
instantaneous  two-dimensional  LRS  signals  are 
discussed  and  the  spatially  averaged  temperature  in 
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Fig2.  Probability  distribution  of  quanties 
included  in  raw  data. 
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the  measured  area  and  that  obtained  by  the  one- 
point  measuring  method  are  compared. 


4.  1  Instantaneous  two-dimensional  temperature  dis¬ 
tribution 

Figure  3  shows  the  instantaneous  temperature 

distributions  in  the  measured  area  with  spatially 
by  averaged  temperature  [T]s  at  radial  position  r 
from  the  center  line  in  the  plane  of  x/D=25  at 
Re=5, 000.  These  results  can  explain  the  characteris¬ 
tics  of  turbulent  diffusion  flame  structures  in  the 
four  regions  discussed  in  the  previous  paper  as 
follows(ll)-(13).  Region  I  corresponds  to  that  of 
the  fuel  jet,  and  small  areas  of  higher  temperature 
are  observed  in  lower  and  weakly  fluctuating  tem¬ 
perature  fields.  Region  II  is  located  between 
Regions  I  and  III,  and  here  the  combustion  takes 

place  between  the  fuel  and  air,  entrained  from 

Region  III,  mixed  by  the  turbulent  motions.  The 
measured  area  is  almost  always  covered  by  the 

fluctuating  high- temperature  signals  and  high 

spatially  averaged  temperature  results  for  almost 
all  the  frames.  Region  III  entrains  the  surrounding 
air  by  large  eddy  motion  and  the  typical  entrain¬ 
ment  behaviors  appear  between  the  fuel  and  air. 
There  are  instances  at  which  cold  air  and  fuel 
cover  the  measured  area  and  high-temperature  com¬ 
bustion  gas  exists  under  a  homogeneous,  coherent 
and  weak  turbulent  condition.  Similar  behaviors  as 
those  in  Region  I  are  observed  in  this  region. 

Region  IV  corresponds  to  the  surrounding  air  flow 


Fig.  3  Instantaneous  temperature  distributions  in 
the  measures  area  [0.22  x  0.44  mm^]. 


and  shows  low  and  constant  temperature  distribu¬ 
tions,  however,  occasionally  gas  at  moderate  tem¬ 
peratures  diffuse  into  this  region  from  Region  III, 
and  islands  of  cooled  combustion  gas  are  formed. 

Figure  4  shows  the  time-resolved  spatially 
averaged  temperature  and  PDF  of  temperature  inside 
the  measured  area  for  thirty  successive  frames. 
Time  mean  temperature  by  one-point  measurement  is 
also  shown  for  comparison.  The  difference  between 
spatially  averaged  temperature  and  time  mean  tem¬ 
perature  is  not  very  marked  in  Region  1  and  II.  On 
the  other  hand,  in  Region  III  the  spatially  aver¬ 
aged  temperature  is  from  300  to  800  K  higher  than 
the  time  mean  temperature.  One  of  the  reasons  for 

o  Region  I (  r =0 ) 


Fig.  4  Time  history  of  spatially  averaged 
temperature  and  probability  density  functions  in 
three  region. 
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Fig.  5  Comparison  of  PDF  between  the  instantaneous 
two-dimensional  and  one-point  temperature 
measurement. 

this  difference  might  be  considered  as  the  influ¬ 
ence  of  the  flame  luminosity,  but  the  main  reason 
is  the  fact  that  the  series  of  frames  containing 
high-temperature  clusters  have  been  selected. 

The  time  histories  of  PDF  in  Regions  I  and  III 
show  that  they  cover  a  wider  ranges  of  temperature, 
have  shapes  close  to  the  Gaussian  distribution  and 
do  not  change  markedly.  In  Region  II  PDF  cover  wide 
temperature  range  than  in  the  other  two  regions, 
and  is  shaped  bimodal  distributions.  These  are  in 
line  with  the  results  reported  by  Fourguette  et 
al.  (4)  with  their  visualization  experiment  by  the 
LRS  method.  This  study  clarifies  that  this  kind  of 
bimodal  characteristic  exists  within  the  micro¬ 
scopic  flame  structures.  In  order  to  examine  the 
flame  structure  in  more  detail,  the  results  will  be 
compared  with  those  obtained  by  one-point  measure¬ 
ment. 

4. 2Comparison  between  instantaneous  temperature 
distribution  by  two-dimensional  measurement  and 
time-sequential  temperature  by  one-point  measure¬ 
ment 

Figure  5  compares  PDF  obtained  from  the  typi¬ 
cal  instantaneous  two-dimensional  temperature 
distribution  with  that  from  the  10,000  data  points 
of  one-point  measurement  (these  data  points  corre¬ 
spond  to  those  during  0.17s.).  In  Region  I,  PDF 
from  one-point  measurement  shows  Gaussian  distribu¬ 
tion  near  the  middle  of  PDF  from  two-dimensional 
measurement.  In  Region  II  the  former  appears  in  a 


near-Gaussian  distribution  at  the  valley  of  bimodal 
distribution  of  the  two-dimensional  measurement. 

From  these  results,  it  is  found  that  Region  1 
consists  of  microscopic  inhomogeneous  spatial  tem¬ 
perature  distribution  which  are  formed  by  small 
islands  of  combustion  gas  separated  from  the  flame 
region  flowing  into  the  cooler  fuel  flow  and/or  the 
separated  small  air  chips  flowing  into  the  cooler 
fuel  flow,  and  small  combustion  gas  islands  might 
be  distributed.  However,  one-point  measurement  only 
produces  the  spatially  averaged  temperature  by 
integrating  the  entire  distribution  over  in  the 
volume,  hence  it  could  not  detect  this  micro-struc¬ 
ture;  it  produces  the  time  sequential  temperature 
history  shown  in  Fig. 4.  Region  11  is  the  combustion 
region  and  produces  the  microscopic  inhomogeneity 
by  the  interactions  between  aero-dynamic  turbulence 
and  chemical  reactions. 

4.3  Cluster  analysis  by  spatial  filter 

A  slight  difference  could  be  observed  in  the 
characteristic  structures  of  Regions  I  and  III  from 
the  spatial  temperature  distributions  shown  in 
Fig.  3.  Cluster  analysis  was  applied  to  the  con¬ 
verted  images  to  make  their  differences  clearer. 
Different  sizes  of  spatial  filters  with  the  same 
weight  to  every  pixel  were  used  to  enhance  the 
inhooogeneities  in  the  images.  Temperature  was 
divided  into  two  categories,  one  higher  than  1,500 
K  which  is  dark,  the  other  lower  than  1,500  K  shown 
by  blank  spaces.  Typical  examples  for  Regions  I  and 
III  are  shown  in  Fig.  6  in  which  the  clusters  become 
clearer  with  the  larger-sized  spatial  filters.  The 
cluster  distributions  do  not  change  very  much  when 
the  filter  size  becomes  larger  than  7x7.  The  dif¬ 
ference  between  Regions  I  and  III  becomes  clearer 
after  this  cluster  analysis.  In  particular,  in 
Region  III  the  effect  of  filtering  in  cluster 
analysis  begins  to  appear  with  the  use  of  a  rela¬ 
tively  small  3x3  filter,  and  becomes  marked  at  the 
filter  size  of  5x5.  The  results  for  Region  II  are 
almost  completely  dark,  which  shows  the  field  is 
occupied  by  burnt  gas  and/or  a  burning  zone;  it  is 
not  shown  here. 

In  order  to  discuss  the  above-mentioned  micro¬ 
scopic  flame  structures,  the  one-dimensional  power 
spectral  density  for  each  region  is  shown  in  Fig.  7. 
In  Region  I  the  turbulent  thermal  diffusion  effect 
shown  by  the  -5/3  power  law  is  observed  up  to  the 
higher-frequency  region.  This  corresponds  well  to 
the  fact  that  the  microscopic  high-temperature 
clusters  diffuse  into  the  fuel  flow  region  due  to 
the  aerodynamic  turbulent  motions,  as  shown  in 
Fig. 6.  Contrary  to  this,  in  Region  III  the  -5/3 
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(a)  11x11  Spatial  filter 


(b)  5x5  Spatial  filter 


(c)  No  spatial  filter 
Region  I 


(c)  No  spatial  filter 
Region  HI 


Fig.  6  The  effect  of  spatial  filter 

This  is  well  understood  from  the  Schlieren  photog 
power  law  region  is  observed  at  lower 
frequency,  raphy  and  two-dimensional  laser 
tomography  taken  by  the  high-speed  VTR  system  and 
presented  in  the  previous  paper(9)  that  this  power 
law  corresponds  to  the  aerodynamic  mixing  due  to 
rather  large  structures,  and  the  finer  cluster  may 
indicate  the  -1  power  law,  showing  the  diffusion 
due  to  molecular-level  mixing  which  exists  at  the 
regions  of  mild  temperature  gradient  at  the 
moderate-temperature  range.  As  mentioned  above,  in 
Region  II  marked  clustering  could  not  be  observed 
using  the  3x3  spatial  filter,  but  the  clusters 
existing  within  the  temperature  range  above  1,500  K 
might  be  aerodynamical ly  diffused  due  to  the  tur¬ 
bulent  mixing.  The  bulk  gas  flow  speeds  in  Regions 
1  and  II  are  so  high  that  the  electric  circuit 
could  not  record  the  density  in  the  frequency 
region  in  which  the  -1  power  law  is  observed.  In 


sizes  on  cluster  analyses. 

Regions  III  and  IV  this  could  be  recorded  since  the 
flow  speed  is  lower  than  those  in  Regions  I  and  II. 

In  order  to  observe  the  time  history  of  varia¬ 
tions  of  clusters  the  typical  time  sequence  results 
in  Regions  I  and  III  obtained  with  the  11x11  spa¬ 
tial  filter  are  shown  in  Fig.  8.  As  seen  in  the 
results  for  Region  1,  the  sizes  of  high- temperature 
clusters  flowing  from  Region  II  are  similar  and 
distributed  evenly  within  the  area,  and  this  may 
give  the  result  of  weak  variation  of  temperature 
signals  in  one-point  measurement.  The  changes  of 
cluster  sizes  and  their  distributions  in  Region  III 
are  caused  by  the  large-scale  eddy  motions  of  the 
surrounding  air  entrained  from  Region  IV.  Therefore, 
the  patterns  of  cluster  distributions  change  dras¬ 
tically  from  the  range  of  flame  regions  to  the  air 
flow.  The  values  of  time  mean  temperature  show  the 
spatially  averaged  temperature  over  this  two-dimen¬ 
sional  area. 
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Fig. 7  One-dimensional  power  spectral  density  for 
each  regioncalculated  by  one-point  Measurement. 

5.  Conclusions 

1) A  method  for  measuring  instantaneous  two-dimen¬ 
sional  temperature  distribution  has  been  developed. 
Texture  analyses  corresponding  to  the  four  regions 
characterized  by  the  tendencies  of  time  scales  of 
turbulence  in  the  previous  paper  have  been  carried 
out.  The  existence  of  the  clusters  of  combustion 
gas  flowing  into  the  fuel  flow  was  clarified. 

2) The  variations  in  the  characteristics  of  spatial 
temperature  gradients  could  be  observed  by  changing 
the  size  of  spatial  filters  for  the  converted 
images.  The  results  indicated  that  the  spatial 
distributions  and  their  relationships  to  tempera¬ 
ture  gradients  are  very  important  in  explaining  the 
various  thermal  diffusion  effects  in  the  turbulent 
diffusion  flames. 

3) The  existence  of  microscopic  inhomogeneities  of 
temperature  was  examined  using  Taylor's  dissipation 
length,  the  statistical  quantity  of  velocity  field. 
It  was  shown  that  the  sizes  of  temperature  inhomo¬ 
geneities  were  around  or  order  of  this  dissipation 
length. 
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ABSTRACT 

Non-intrusive,  spatially  resolved.  Laser  Rayleigh 
Scattering  measurements  in  hydrogen-air  and  propane-air 
counter  flow  diffusion  flames  are  reported.  As  the 
composition  of  the  flame  varies  widely  with  progression 
of  combustion,  the  difficulty  consists  in  converting  these 
measurements  into  temperature  profiles.  We  demonstrate 
that  with  a  simple  interpolation  procedure.  Laser 
Rayleigh  Scattering  can  be  used  to  measure  temperature 
to  a  good  precision,  though  the  effective  Rayleigh  cross 
section  is  a  highly  varying  parameter  in  the  flame.  The 
experimental  results  are  compared  to  temperature  profiles 
obtained  by  theoretical  calculations. 

INTRODUCTION 

Laser  Rayleigh  Scattering  (LRS)  is  a  well  established 
non-intrusive  diagnostic  technique  for  analysis  of  mixing 
processes  (Yip,  1986)  and  for  temperature  measurements 
in  non-reactive  gases  (Miles,  1990).  LRS  has  also  been 
applied  to  flames.  Muller-Dethleffs  et  al.  (1978) 
investigated  the  effects  of  organic  peroxides,  traces  of 
inhibitor  on  burning  velocity  and  the  effect  of  electrical 
fields  on  normal  and  inhibited  flames.  Several 
temperature  measurements  by  LRS  have  also  been 
performed  on  turbulent  premixed  flames  (Gouldin,  1986) 
and  non-premixed  flames  (Dibble,  1981;  Fourgette,  1986; 
Stepowski,  1992). 

As  Rayleigh  scattering  is  an  elastic  process  which  is 
not  selective  in  the  diffusing  molecule,  almost  all  authors 
supposed  the  scattering  efficiency,  expressed  by  the 
effective  Rayleigh  cross  section  (oeff),  to  be  constant 
throught  the  reactive  flow  in  order  to  deduce  total  number 
density  and  temperature  from  LRS  measurements.  Dibble 
and  Hollenbach  (1981)  showed  that  this  hypothesis  is 
verified  in  premixed  hydrocarbon  flames  within  a 
precision  of  10%.  For  investigations  on  turbulent 
diffusion  flames,  they  proposed  a  special  fuel  mixture  of 
31%  methane  and  69%  hydrogen  (Dibble,  1981; 
Fourgette,  1986).  In  this  special  case,  the  mixture  of  CH4 
and  H2,  the  combustion  products  and  air  have 
approximately  the  same  effective  Rayleigh  cross  section. 


For  general  investigations  on  diffusion  flames,  this  fuel 
composition  is  an  important  restriction  as  it  does  not 
correspond  to  commonly  used  fuel  mixtures  in  practical 
applications. 

Stepowski  and  Cabot  (1992)  tried  to  overcome  this 
problem.  They  obtained  single  shot  LRS  profiles  in  the 
development  zone  of  a  turbulent  diffusion  flame  of  a 
diluted  hydrogen  jet  issuing  in  a  coflowing  air  stream. 
The  effective  Rayleigh  scattering  cross  section  at  each 
laser  shot  was  calculated  as  a  function  of  mixture  fraction 
and  the  temperature  profiles  by  the  use  of  an  algorithm 
involving  a  strained  flame  library. 

In  this  paper,  we  present  a  procedure  to  obtain  the 
effective  Rayleigh  cross  section  and  thus  temperature 
profiles,  which  is  based  only  on  the  imposed  boundary 
conditions,  the  measured  Rayleigh  scattering  signal  and 
the  properties  of  diffusion  flames.  This  technique  is 
applied  to  measurements  on  laminar  hydrogen-air  and 
propane-air  counter  flow  diffusion  flames. 

Plane  laminar  strained  flames  are  of  great  interest 
because  they  allow  detailed  understanding  of  combustion 
mechanisms  and  suitable  test  cases  for  the  investigations 
of  the  interactions  between  aerodynamics,  chemical 
kinetics  and  transport  properties  of  combusting  gases. 
Besides,  these  laminar  strained  flames  are  also  important 
ingredients  in  the  so  called  "flamelet  models"  (see  review 
paper  by  Candel,  1994). 

Counter  flow  flames  are  then  well  documented  in  the 
literature,  and  theoretical  and  experimental  aspects  of 
these  flames  have  been  studied  by  many  authors.  (Pandya 
and  Weimberg  (1964),  Linan  (1974).  Giovangigli  and 
Smooke  (1987),  Rolon  et  al  (1986,  1988,  1991).  Aguerre 
et  al  (1992),  Dagusl  et  al  (1992).  Darabiha  et  al  (1992. 
1993),  Lacas  and  Versaevel  (1994),  Magre  et  al  (1994)). 
The  counterflow  diffusion  flame  constitutes  a  simple  and 
practical  test  case  to  compare  the  LRS  method  proposed 
in  this  paper,  with  the  available  in  the  literature 
information. 

Figure  la  shows  an  example  of  a  counterflow 
propane-air  diffusion  flame  by  a  laser  sheet  visualisation, 
and  Figure  lb  shows  a  flat  hydrogen-air  laminar 
couterflow  diffusion  flame. 
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Figure  la.  Laser  tomogrphy  of  counterflow  diffusion 
flame.  The  flame  is  formed  by  opposed  jets  of  propane 
and  air. 


THEORY  OF  RAYLEIGH  SCATTERING 

The  cross  section  for  Rayleigh  scattering  at  90°  from 
the  incident  light  is  given  by  : 

CTi  -ud.  Ud-f  (i) 

\4  l  No  / 

it  only  depends  on  the  index  of  refraction  p,  and  the 
molecular  number  density  N0  at  standard  conditions,  and 
the  4th  power  of  the  incident  wavelength  X.  However  in 
flames,  the  effective  Rayleigh  cross  section  oeff  is  an 
average  of  the  cross  sections  a,  of  the  species  weighted 
by  their  mole  fractions  X,: 


Figure  lb.  Stabilised  diffusion  flame  in  the  stagnation 
region  of  opposed  jets  of  hydrogen  and  air. 


where  C  is  a  constant  which  characterizes  the 
experimental  set-up.  In  the  case  of  an  isobar  flame  of 
pressure  P,  number  density  only  depends  on  temperature 
through  the  ideal  gas  equation  so  that: 

•p  _  C  Ip  P  Aq  Oeff  _  Oeff  (4) 
R  Is  Is 

A0  is  Avogardo's  number  and  R  the  universal  gas 
constant.  In  the  experiments  K  is  a  constant  which  is 
determined  in  calibration  experiments  on  gas  flows  of 
known  composition  and  temperature: 

K  =  (Hz)  (5) 

'  Oeff'cel 


Oeff  =  X  Xj  Oj  (2) 

The  relative  Rayleigh  cross  section  of  some  major 
species  in  flames  are  listed  in  table  1  (Lide,  1992). 


Molecule 

relative  Rayleigh  cross 
section 

(a,/0N2) 

n2 

1,00 

o. 

0.833 

H2 

0.22 

h2o 

0.716 

CjH8 

13.56 

CO, 

2.29 

CO 

1.25 

Air 

0,965 

Table  1 


The  intensity  of  scattered  light  I,  is  proportional  to 
the  incident  laser  beam  intensity  Io,  the  number  density  N 
and  the  effective  Rayleigh  cross  section  by: 

Is=  C  Io  N  oeff  (3) 


Thus  temperature  in  the  flame  can  be  derived  as 

T  =  (Uaft)  (Sft)  (6) 

'  Oeff  /d  Vldiff/fane 

when  the  effective  cross  section  in  the  flame  is  known  as 
a  function  of  space.  This  paper  describes  a  new  method  to 
determine  it  in  the  fresh  and  burnt  gases. 

EXPERIMENTAL  SET  UP 

Opposed-jet  counter  flow  diffusion  flames,  employed 
in  this  study,  are  described  in  detail  elsewherc(Rolon  et  al 
(1991,  1992),  Lacas  (1994)  see  in  this  Symposium).  The 
burner  configuration  is  shown  in  Figure  2  The  flame  is 
stabilized  in  the  region  of  the  stagnation  plane  established 
between  two  converging  nozzles  (see  Figures  la  and  lb). 
Coflowing  nitrogen  is  employed  to  eliminate  air  diffusion 
and  dust  particles  from  outside. 

This  flame  is  stable  and  established  in  a  simple,  well 
defined,  axisymetric  flow  field  (see  Rolon  et  al  (1992)). 
Mass  flow  rate  and  gas  composition  are  controlled  by 
sonic  nozzles.  A  three  stage  filter  was  interposed  in  the 
air  flow  to  avoid  Mie  scattering  from  particles. 

The  experimental  set  up  is  shown  in  figure  3.  The 
beam  of  a  power  stabilized  multiline  argon  ion  laser, 
modulated  by  a  mechanical  chopper,  is  focused 
(D=0,13mm)  on  the  axis  of  the  flow. 
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The  Rayleigh  scattering  signal  is  measured  at  90' . 
The  collection  optics  consists  of  two  f/3.75  lenses 
(f=3K)mm)  which  image  the  measuring  volume  1:1  on  a 
pinhole  (d  =  0.5mm)  placed  in  front  of  a  photomultiplier 
tube.  Thus  the  measuring  volume  is  a  cylinder  of 
diameter  0,13mm  and  0,5mm  in  length.  Wavelength 
selection  and  rejection  of  background  llamc 
luminescence  is  achieved  by  a  narrow  bandwidth 
interference  filter  with  a  centerwavelengih  equal  to 
488nm  placed  between  the  pinhole  and  the 
photomultiplier  tube.  The  output  signal  is  processed  by  a 
lock-in-amplifier  interfaced  to  a  microcomputer. 

As  light  scattered  from  surfaces  (lenses,  mirrors)  is 
also  modulated,  it  cannot  be  rejected  by  phase  sensitive 
signal  processing.  Diaphragms  and  screens  were  placed 
in  the  experimental  set  up  to  prevent  light  scattered  from 
these  surfaces  reaching  the  photomultiplier. 

MEASUREMENTS  OF  RAYLEIGH  SCATTERING 

One  of  the  more  interesting  simplifying  conditions  of 
oppose!  jet  diffusion  flames  is  that  temperature 
andspccies  concentration  do  not  changes  in  the  radial 
direction,  and  varie  only  along  the  axis,  in  the  normal 
direction  to  the  stagnation  plane  and  to  the  flame 
surface  This  situation  facilitates  not  only  the  theoretical 
calculations. 


making  possible  one  dimensional  calculations  with 
similarity  solutions  (see  Darabiha  and  Candel  (1992). 
Aguerre  el  al  ( 1992)).  but  also  the  experiments  with  local 
measurements  along  the  axis  of  velocity  and  density. 
(Rolon  et  al  (1992)).  temperature  measurements  by 
CARS  (Magrc  ct  al  (1994))  or  OH  concentration  by  L1F 
(Rolon  et  al  (1992)).  Following  this,  in  our  experiment, 
local  LRS  measurements  have  been  performed  along  the 
axis  of  the  How. 

A  background  signal  caused  by  stray  light  can  reduce 
the  detection  sensitivity:  an  uncorrected  background  of 
2.5 %  of  the  Rayleigh  signal  at  room  temperature  can 
cause  the  measured  peak  llamc  temperature  to  be  reduced 
by  10%.  Thus  before  each  measurement,  we  verify  that 
background  is  negligible.  Calibration  measurements  arc 
performed  on  an  air  jet  Its  temperature  is  determined 
with  a  thermocouple  to  a  precision  of  I K.  The  standard 
deviation  of  the  measured  LRS  intensities  arc  typically 
0,3%  in  calibration  and  llamc  measurements.  To  verify 
that  the  experimental  settings  deliver  a  correct  Rayleigh 
signals  .  one  may  compare  the  ratio  of  the  Rayleigh 
signals  of  fresh  air  and  diluted  fuel  with  the  imposed 
equivalence  ratio. 

In  figure  4.  we  show  the  Rayleigh  scattering  signal  in 
the  hydrogen-air  llamc  (equivalence  ratio  <t>=l;  global 
strain  rate  e  =  120  s  ' )  along  the  axis  of  the  flow.  The 
origin  is  taken  at  the  stagnation  point.  The  intensity 
profile  of  (he  measured  LRS  signal  allow  s  3  /ones  to  be 
distinguished:  air  from  -6mm  to  -1.8mm.  the  reaction 
zone  from  -1.8mm  to  3.4mm  and  in  nitrogen  diluted  fuel 
between  3.4mm  and  6mm. 

In  figure  5  we  show  the  Rayleigh  scattering  signal  in 
the  propane-air  llamc  (equivalence  ratio  <J>=4  3:  global 
strain  rate  e  =  51  s'1)  We  also  distinguish  the  different 
z.ones  of  Iresh  air.  reaction  process  and  fresh,  in  nitrogen 
diluted  fuel.  In  this  case  the  ratio  between  the  Rayleigh 
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Figure  4:  Rayleigh  scattering  signal  along  the  axis  of  a 
counter  flow  hydrogen-air  diffusion  flame  (equivalence 
ratio  <fc=  I ;  global  strain  rate  £  =  1 20  s'1) 

cross  section  in  fresh  air  and  in  fuel  mixture  (Oft*,  /a„r  = 
3.S)  is  more  important  than  in  the  hydrogen  -  air  flame 
(°fuei  ^0,1,  =  0.8)  due  to  higher  cross  section  of  propane. 
Thus  the  LRS  signal  at  the  fuel  side  of  the  propane-air 
flame  is  more  important  than  on  the  oxidizer  side. 

LRS  TO  TEMPERATURE  CONVERSION 

As  discussed  before,  the  local  value  of  the  effective 
Rayleigh  cross  section  must  be  known  to  deduce 
temperature  from  LRS.  In  the  fresh  gases,  the  effective 
Rayleigh  cross  section  is  calculated  from  die  composition 
of  the  injected  gases  using  formula  (2).  It  remains 
constant  up  to  the  reaction  zone,  point  A  on  the  air  side 
and  point  B  on  the  fuel  side.  In  the  reaction  zone, 
between  these  two  points  the  LRS  signal  goes  through  a 
minimum  (point  C)  which  corresponds  to  a  maximum  of 
temperature  across  the  flame. 

We  can  assume  within  a  good  approximation  that  at 
maximum  temperature  only  the  products  of  a 
stoichiometric  combustion  of  the  injected  gases  are 
present.  Thus  the  effective  Rayleigh  cross  section  can  be 
determined  at  the  minimum  of  the  Rayleigh  scattering 
signal  in  the  following  way. 

In  the  hydrogen-air  flame  the  reaction  can  be 
described  by  : 

0.585(29.8%  H2  +  70.2%  N2 )  +  0.41 5(2 1%02  +  79%  N2) 
t=p26. 15%H20  +  73.85%N2 

Injecting  these  mole  fractions  in  formula  (2)  leads  to  the 
effective  Rayleigh  cross  sections: 


Figure  5:  Rayleigh  scattering  signal  along  the  axis  of  a 
counter  flow  propane-air  diffusion  flame  (equivalence 
ratio  0=4.3;  global  strain  rate  £  =  51  s'1) 

fuel:  ocff  =  0.768;  air:  oeff=  0.965 

products:  oeff  =  0.923 

In  the  propane-air  flame: 

0.18(19.1%  C3 Hg  +  80.9%  N2 )  +  0.82(2 1  %02  +  79%  N2) 
«=p8.85%C02+  1 1.8%H20  +  79.34%N2 

fuel:  acff=  3.399;  air:  Oeff  =  0.965 

products:  Oeff  =  1.073 

In  propane-air  diffusion  flames,  the  assumption  of  a 
complete  consummation  of  fuel  and  oxidizer  at  peak 
temperature  is  valid.  However,  the  diffusivity  of 
hydrogen  is  higher  than  that  of  nitrogen  and  the  mole 
fractions  of  hydrogen  and  oxygen  are  not  zero  at  peak 
temperature  in  hydrogen  -  air  diffusion  flames.  We 
estimate  that  this  phenomena  causes  an  error  on  the  peak 
temperature  determination  lower  than  1%.  Thus  peak 
temperature  can  be  measured  to  a  good  precision  by  LRS. 

Knowing  oeff  in  the  fresh  gases  (point  A.B)  and  at 
peak  temperature  (point  C),  we  obtain  the  effective  cross 
section  oeff  in  the  reaction  zone  by  fitting  through  the 
known  values  at  A.B  and  C.  In  figure  6  and  7  for 
hydrogen  -  air  and  propane  -  air  flames  respectively,  we 
used  linear  (dotted  lines)  and  error  function  (dashed  lines) 
interpolation.  The  second  fitting  by  error  functions  was 
used  because  reactants  and  products  mole  fractions  in  the 
reaction  zone  are  defined  in  the  analytical  flame  sheet 
approximation  by  error  functions  (Linan,  1974;  Marathe. 
1972). 

The  effective  cross  section  oeffOf  both  fitting 
procedures  are  compared  to  the  theoretical  effective  cross 
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section  (solid  lines)  calculated  from  the  mole  fractions  of 
species  participating  in  the  Rayleigh  signal.  The  mole 
fractions  of  these  species  were  computed  by  standard 
laminar  strained  flame  calculations  taking  into  account 
complex  chemistry  and  transport  properties  (Darabiha, 
1992;  Darabiha,  1989;  Giovangili,  1987).  These 
comparisons  yield  the  following  results: 


Figure  6:  Fit  of  the  effective  Rayleigh  cross  section  along 
the  axis  of  a  counter  flow  hydrogen-air  diffusion  flame  ( 
4»=l;  e=  120  s'1 ). 


Figure  7:  Fit  of  the  effective  Rayleigh  cross  section  along 
the  axis  of  a  counter  flow  propane-air  diffusion  flame 
(*-4.3;e  =  51  s*1) 


-  In  the  hydrogen  -  air  flame  both  fitting  functions  give  an 
effective  cross  section  in  the  reaction  zone  that  do  not 
differ  more  than  1%  from  the  theoretical  values  (see 


figure  6).  In  this  case  both  interpolations  can  deliver 
satisfactory  results  for  LRS  conversion  into  temperature. 

-  In  the  propane  air  flame  a  difference  of  Geffin  the 
reaction  zone  was  found  using  the  two  fitting  functions. 
Using  the  linear  interpolation,  oeff  is  overestimated  on 
the  fuel  side  near  the  C  point  up  to  25%  and 
underestimated  near  the  B  point  up  to  20%.  A  linear 
fitting  procedure  for  the  effective  cross  section  on  the  rich 
side  of  the  propane  -  air  diffusion  flame  is  not 
appropriate.  Anyway,  using  the  error  function  fitting,  a 
difference  of  at  least  2.5%  with  respect  to  the  theoretical 
calculated  was  obtained  (see  figure  7). 

RESULTS  AND  DISCUSSIONS 

In  figures  8  and  9  we  show  the  temperature  profiles 
for  the  hydrogen  -  air  and  the  propane  -  air  flames 
calculated  from  formula  (6)  and  using  the  fitting 
procedures  presented  in  the  previous  section.  The 
experimental  profiles  are  compared  to  theoretical  ones. 

In  the  case  of  the  hydrogen  -  air  diffusion  flame 
(figure  8),  the  experimental  temperature  profiles  obtained 
by  the  two  fitting  procedures  and  the  theoretical 
calculated  using  also  the  Rayleigh  scattering  signal 
overlap.  The  experimental  and  the  calculated  peak 
temperatures  are  in  good  agreement.  At  the  flame  front 
we  found  a  systematic  deviation  between  the 
measurement  and  theory.  The  deviations  are  explained  by 
the  limited  spatial  resolution  of  the  optical  system 
employed  in  this  work.  Another  source  of  error  could  be 
the  deviation  of  the  laser  beam  by  the  density  gradient  but 
we  demonstrated  that  it  is  small  compared  to  the 
dimensions  of  the  measuring  volume  so  that  it  has 
negligible  influence  on  the  results. 

In  the  propane  -  air  flame,  the  determined  temperture 
profiles  converted  from  the  LRS  measurements  through 
the  two  fitting  procedures  (  linear  and  error  function) 
show  different  behavior.  On  the  rich  side  (z>-  1.9mm)  the 
linear  fit  shows  a  strong  distortion  of  the  profile  and  a 
displacement  of  the  location  of  the  temperature  maximum 
;  on  the  contray  the  error  function  fit  shows  a  very  good 
agreement  with  the  results  of  the  modelling  so  that  the 
shape  and  absolute  value  of  the  measured  temperature 
profile  coincident  to  the  calculated  one  within  the 
estimated  error  limits  of  measurement  (estimated  to  3%). 
On  the  lean  side  (z<-2mm)  the  two  procedures  give  the 
same  temperature  profile  and  fit  the  predicted  value 
within  experimental  error.  This  shows  that  the  proposed 
new  method  for  converting  LRS  measurements  into 
temperature  profile  is  better  adapted  to  combustion  cases 
than  the  previous  linear  fit. 

The  error  limits  of  the  experiments  have  been 
estimated  as  follows.  The  calibration  measurements  are 
performed  with  an  uncertainty  of  IK  for  T^  and  0.3%  for 
led  In  the  measurements  on  flames,  the  same  uncertainty 
was  assumed  for  I,.  As  the  composition  of  air  is  well 
known,  no  uncertainty  on  oa|  is  taken.  This  leads  to 
uncertainties  of  1.5%  in  the  case  of  the  hydrogen-air 
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flame  and  of  3%  for  the  propane-air  flame  on  temperature 
in  the  reaction  zone. 


Figure  8:  Experimental  and  theoretical  temperature 
profiles  along  the  axis  of  a  counter  flow  hydrogen-air 
diffusion  flame  (4»=1;  £  =  120  s'1) 


Figure  9:  Experimental  and  theoretical  temperature 
profiles  along  the  axis  of  a  counter  flow  propane-air 
diffusion  flame  (3>=4.3;  e  =  51  s'1) 

CONCLUSION 

In  this  work,  we  use  a  well  established  Rayleigh 
scattering  method  to  measure  temperature  profiles  in 
laminar  diffusion  flames.  Up  to  now,  in  traditional 
experiments,  laser  Rayleigh  scattering  yield  satisfactory 
results  for  only  some  limited  flame  cases  (special  fuel 
mixture  ,  assumption  of  an  overall  equivalent  cross 
sections).  Nevertheless  we  show  here,  that  Laser 


Rayleigh  scattering  may  be  extended  to  a  wider  domain 
of  laminar  diffusion  flames  by  using  a  fitting  procedure 
which  leads  to  direct  experimental  definition  of  the 
effective  cross  section  in  the  reaction  zone  of  the  flame. 

We  also  compare  these  procedures  to  direct 
theoretical  calculations,  knowing  the  mole  fraction 
distribution  across  the  flame  for  molecules  participating 
in  the  Rayleigh  scattering  process.  Two  test  cases  were 
studied  in  this  work:  the  case  of  a  hydrogen  -  air  diffusion 
flame  and  the  case  of  a  propane  -  air  diffusion  flame. 

In  the  case  of  the  hydrogen  -  air  diffusion  flame,  the 
measured  peak  temperatures  is  well  predicted  by  theory. 
In  both  sides  of  the  flame  front,  the  measured  temperature 
overestimates  the  theoretical  values.  We  explain  this 
discrepancy  by  a  lack  of  spatial  resolution  because  the 
flame  front  in  such  a  flame  is  very  thin.  More  precisely, 
the  sensitivity  of  laser  Rayleigh  scattering  to  spatial 
resolution  is  very  high.  In  the  reaction  zones  where 
temperature  and  species  concentration  gradients  are 
important,  this  sensitivity  becomes  critical.  This  spatial 
resolution  may  be  considerably  increased  by  using  planar 
laser  Rayleigh  scattering  associated  to  an  intensified  CCD 
camera,  for  which  the  spatial  resolution  is  of  the  order  of 
one  pixel  (20pm*20pm). 

A  better  agreement  between  experiment  and  theory  is 
achieved  in  the  case  of  the  propane  air  flame  where  the 
flame  is  thicker. 
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ABSTRACT 

Turbulent  transport  in  single  and  multiple  jet  flames  in  mutual 
interaction  is  studied  through  the  analysis  of  I  and  3  propane 
flames  with  a  Reynolds  number  of  20400.  The  experiments 
included  the  combination  of  a  laser  velocimeter,  operated  in  the 
backscatter  mode,  with  digitally-compensated  thermocouples 
and  extend  previously  acquired  knowledge  on  the  analysts  of 
flames  in  mutual  interaction.  Although  the  oxygen 
insufficiency  is  the  controlling  mechanism  in  the  propagation 
of  interacting  flames,  the  present  results  quantify  the  extent  to 
which  turbulent  transfer  is  altered  in  the  interacting  flame  zone 
The  results  show  that  turbulent  mixing  is  affected  as  a 
consequence  of  changes  in  the  mean  flow  characteristics,  but 
the  turbulent  heat  fluxes  remain  qualitatively  unaltered  at  the 
level  of  flame  interaction  studied  here,  with  single  and  multiple 
flames  exhibiting  zones  of  non-gradient  turbulent  heat  transfer. 


I.  INTRODUCTION 

Despite  turbulent  flames  in  mutual  interaction  are  of  great 
interest  in  a  variety  of  pratical  systems,  there  is  still  a  poor 
understanding  of  the  influence  of  the  interaction  mechanisms 
between  the  individual  flames  and  the  surrounding  air  flow  on 
flame  structure  and  propagation.  Previous  studies  have 
considered  full  scale  systems  and  report  on  the  effects  of 
operational  parameters,  such  as  load  distribution  and  distance 
between  burners  on  the  flame  length  and  pollutant  emissions. 
Fricker  et  al.  (1971),  Payne  (1977)  Although  they  provide 
important  information,  a  better  knowledge  of  these  effects  on 
turbulent  mixing  and  chemical  kinetics  is  required  and 
experiments  at  the  laboratory-scale  on  simple  geometries  are 
crucial  to  provide  this  fundamental  knowledge 

Previous  laboratory  experiments  are  sparsely  reported  in  the 
literature  and  include  the  natural  gas  and  town  gas  jet  flames  of 
Lcnze  et  al.  (1975)  and  the  propane  lifted  flames  of  Mennon 
and  Gollahalli  (1985,  1988).  where  the  interaction  mainly 
arises  from  the  lack  of  oxygen  in  the  initial  flame  region  w  ith 
the  consequent  effects  on  the  rates  of  combustion  at 
downstream  locations.  Heitor  et  al  (1991)  extended  the 

analysis  to  lifted  propane  flames  in  the  range  6  3  <  Re  \  It)-'  < 
37.3  and  0.65  <  Fr  x  10*^  <  23.4  and  reported  results  in  the 
absence  of  upward  entrainment  of  cold  air  in  the  flame  zone 
In  general,  the  results  have  been  limited  to  the  flame  length  and 
time-averaged  temperature  and  major  species  concentrations, 
suggesting  that  flame  interaction  is  predominantly  affected  by 
oxygen  deficiency  with  the  degree  of  interaction  dependent 


upon  the  upstream  boundary  conditions  However,  it  has  also 
been  recognized  that  the  increased  turbulent  mixing  rates  and 
induced  buoyancy  levels  which  may  occur  in  interacting 
flames,  compete  with  the  oxygen  insufficiency  and  may  alter 
the  rates  of  combustion  and.  in  general,  the  nature  of  the 
turbulent  transport  processes  This  has  not  been  considered  in 
previous  works  and  is  the  main  objective  of  the  work  reported 
here.  The  analysis  is  based  on  measurements  of  mean  and 
fluctuating  velocity  and  temperature  complemented  by  those  of 
gas  composition,  together  with  measurements  of  the 
correlations  associated  with  the  turbulent  transport  of  heat  and 
momentum 

The  following  section  describes  the  experimental  arrangement, 
the  flames  investigated  and  the  instrumentation  used  to  obtain 
the  results.  The  error  sources  associated  with  the  measurement 
are  considered  and  assessments  of  accuracy  provided.  The 
results  are  presented  and  discussed  in  secion  3  and  the  main 
findings  and  conclusions  arc  summarized  in  section  4. 


2  FLOW  CONFIGURATION  AND  EXPERIMENTAL 

METHOD 

2  I .  THE  BURNER  CONFIGURATION 

The  experiments  were  conducted  in  jet  flames  formed  on  round 
nozzles  with  an  exit  diameter  of  D  =  5mm  and  boundary 
conditions  typical  of  a  fully-developed  pipe  flow  A  co-axial 
flow  of  H2  was  used  to  stabilize  the  flames  and  to  attach  them 
to  the  burners,  in  a  way  similar  to  that  used  by  Godov  (1982) 
Commercial  grade  propane  was  used  as  jet  fluid  in  the  range 
0.65  to  1.2g/s,  resulting  in  single  jet  flames  with  Reynolds 
numbers  in  the  range  20400  up  to  37600  and  Richardson 

numbers  from  1.5x10*^  to  4.6x10*^.  The  measurements 
reported  here  consider,  however,  arrangements  up  to  3  flames 
in  line,  with  Rc=20400  and  a  separation  distance  of  6  burner 
diameters  Analysis,  which  is  not  shown  here  for  lack  of  space, 
proved  that  the  results  may  be  considered  independent  of  the 
Reynolds  number  and  showed  time-averaged  scalar 
characteristics  in  the  single  flames  comparable  to  those 
reported  by  Godov  (1982) 


2.2  THE  EXPERIMENTAL  TECHNIQUES 

Velocity  measurements  were  obtained  with  a  dual-beam  laser- 
Doppler  velocimeter  based  on  an  argon-ion  laser  light  source  at 
514. 5nm.  2W,  and  operated  in  the  backscatter  mode,  with 
sensitivity  to  the  flow  direction  pros  ided  by  a  Bragg  cell  The 
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frequency  shift  was  set  up  to  5  MHz  The  transmitting  optics 
of  the  velocimctcr  comprised  a  300  mm  focal-length  lens  and 
the  half  angle  between  the  beams  was  2.39°  the  calculated 

dimensions  of  the  measuring  volume  at  e‘-  intensity  locations 
were  1,452  mm  and  0.067  mm  The  propane  gas  was  seeded 
with  submicron  alumina  particles  making  use  of  a  range  of 
cyclone  generators  In  addition,  the  entrained  stiil  air  was  also 
seeded  by  injecting  seeded  air  below  a  plate  located  at  the 
burner  level  in  order  to  avoid  the  upward  entrainment  of  cold 
air  in  the  near  burner  flow  The  light  scattered  by  the  particles 
was  processed  by  a  commercial  frequency  counter  (DANTEC 
55L96)  interfaced  with  a  16-bn  microcomputer,  where  all  the 
velocity  moments  up  to  the  third  order  were  evaluated.  The 
laser  velocimctcr  was  located  on  a  three-dimensional  traversing 
unit,  allowing  the  positioning  of  the  measuring  control  volume 
within  ±  0.25  mm  The  distributions  of  the  Reynolds  shear 

stress  u"  v"  were  obtained  by  traversing  the  control  volume 
with  the  laser  beams  in  the  longitudinal  and  vertical  planes  and 
at  ±  45°,  as  described  by  Durst  et  al  (1981 ). 

Temperature  measurements  were  obtained  with  butt-welded 
thermocouples  made  of  Pt:Pt/13%Rh  wires  with  0.40mm,  in 
diameter.  The  output  of  \the  thermocouples  was  differentially 
amplified  (xlOO)  and  digitized  by  a  12-bit  analogue-to-digita! 
converter  at  sampling  rates  up  to  30KHz  The  noise  level  could 
be  kept  below  0. 1%  of  full  scale  deflection,  corresponding  to  a 
maximum  temperature  error  of  2K.  The  thermal  inertia  of  the 
fine-wire  thermocouples  gives  rise  to  first-order  damping  of 
their  frequency  response,  for  which  numeric  compensation  was 
performed.  The  process  of  compensation  followed  the 
recommendations  of  Heitor  et  al  ( 1985)  and  Ferrio  and  Heitor 
(1992).  The  time  constant  of  the  thermocouple  was  obtained 
from  the  Collis  and  Williams  law,  with  the  coefficients 
obtained  at  each  point  within  the  flame  from  the  measured 
mean  temperatures,  velocities  and  gas  species  concentrations. 

Major  species  concentrations  of  CO,  CO2.  O2,  NOx  and 
unbumed  hydrocarbons  were  measured  by  gas  sampling  and 
subsequent  on-line  analysis,  using  an  L-shaped,  water  cooled 
probe  with  an  outer  diameter  of  6  mm  and  an  orifice  of  1 .5  mm 
in  diameter.  The  analysis  was  performed  in  a  wet  basis  and  the 
results  were  shown  to  be  independent  of  the  suction  velocity. 

Simultaneous  time-resolved  velocity-temperature 

measurements  were  made  with  a  system  similar  to  that 
described  by  Ferrao  and  Heitor  (1992)  implemented  in  a  16- 
bit,  80386  personal  computer  making  use  of  digital  and  analog 
input/output  boards  for  the  temperature  and  the  velocity 
signals,  respectively  The  thermocouple  signals  were 
continuously  sampled  through  a  DMA  board  and  stored  in  a 
circular  buffer  memory  The  occurrence  of  a  velocity 
measurement  was  signaled  by  the  data  ready  output  of  the  LDV 
counter,  which  was  hold  until  the  transfer  of  a  group  of  12 
temperature  samples  from  the  circular  buffer  to  a  separate 
storage  area  of  the  computer  memory  was  performed,  in  order 
to  allow  the  evaluation  of  the  temperature  derivatives.  The  data 
acquisition  frequency  could  be  set  up  to  100  KHz  and. 
therefore,  did  not  present  a  limitation  to  the  joint  measuring 
system  which,  on  the  other  hand,  was  limited  by  the 
deterioration  of  the  thermocouple  as  discussed  in  the  following 
section  The  population  size  varied  with  the  measurement 


position,  but  was  usually  larger  than  10000  samples  for  the 
measurements  reported  here 

The  velocity  and  the  temperature  measurements  conditioned  h\ 
occurrence  of  the  LDV  signals  correspond  to  Favrc  average- 
quantities.  as  the  measured  gaseous  species  concentration 
However,  the  unconditioned  compensated  temperatures 
correspond  to  unweighted  values  (e  g  Heitor  and  Moreira. 
1993) 


2  2  EXPERIMENTAL  ACCURACY 

The  foregoing  described  the  arrangement  of  the 
instrumentation  which  was  used  to  characterize  the  flames 
analysed  in  this  paper  This  section  presents  the  results  of 
research  made  into  the  various  aspects  which  potentially 
influence  the  simultaneous  velocity-temperature  results  The 
accuracy  of  the  techniques  used  for  the  other  time-averaged 
quantities  reported  has  been  analysed  in  the  literature  (eg 
Heitor  and  Moreira.  1993)  and  arc  not  reported  here 

The  results  may  be  affected  by  three  main  sources  of  error, 
namely: 

1)  errors  in  the  instantaneous  compensated  value  of 

temperature; 

ii)  spatial  separation  of  the  measurement  locations  of 
velocity  and  temperature 

iii)  deterioration  of  the  thermocouple  bead; 

iv)  frequency  resolution 

The  first  type  of  error  is  mainly  due  to  the  inaccuracy  in  the 
evaluation  of  the  thermocouple  time  constant,  which  is 
particularly  influenced  by  the  type  of  flame  considered.  Here, 
three  different  approaches  were  tested.  First,  the  internal 
heating  procedure  reported  by  Ferrao  and  Heitor  (1992)  was 
used,  which  is  based  on  the  analysis  of  the  time-averaged 
decay  of  the  temperature  of  the  thermocouple  bead  after  the 
removal  of  a  direct-current  overheating  pulse.  The  method  was 
found  to  be  unsuitable  for  the  present  experimental  conditions 
due  to  a  number  of  reasons,  including: 

•  the  highly  intermittency  of  the  flame  front  did  not 
allow  to  keep  the  full  wire  at  a  constant  temperature,  thus 
precluding  measurements  out  of  the  central  flame  zone; 

•  the  catalytic  activity  on  the  thermocouple  surface 
when  the  probe  was  located  in  fuel-rich  regions  of  the  flame 
close  to  the  burner  outlet: 

•  the  soot  accretion  on  ibe  wire  limits  the  exposure 
times  of  the  probe  and.  therefore,  perturbes  the  measuring 
process 

A  second  approach  was  considered  based  on  the  method  of 
Strahlc  and  Muthukrishmann  (1976)  This  requires  that  ihe 
signals  acquired  by  two  different  thermocouples  were  recorded 
simultaneously  and  analysed  in  the  frequency  domain,  then,  the 
real  and  imaginary  parts  of  the  cross-correlation  functions  of 
the  signals  were  used  to  evaluate  the  time  constants  of  each 
wire,  as  also  described  by  Son  et  al  ( 1988)  This  method  was 
also  found  unsuitable  for  the  present  experimental  flame 
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conditions  because  the  spatial  separation  between  the  two 
temperature  measuring  locations  could  not  be  controlled  with 
the  required  precision  and  this  strong!)  affects  the  results  In 
addition,  the  technique  could  not  he  used  in  the  intermittent 
region  of  the  flame,  as  also  observed  by  Boyer  and  Queiro/ 
(1991) 

An  alternative  method  to  determine  the  time  constant  of  the 
thermocouple  wire,  and  that  used  throughout  this  work, 
consists  in  the  evaluation  of  the  heat  transfer  characteristics  of 
the  wire  based  on  the  law  of  Collis  and  Williams,  as  referred 
by  Heitor  et  al.  (1985),  making  use  of  the  time-averaged  flame 
properties  at  each  measuring  locations  The  results  have  shown 
a  monotonic  increase  of  the  time  constant  with  the  radial 
distance  with  values  between  15  and  60  ms,  as  in  the  non- 
premixed  flame  of  Ballantvne  and  Moss  (1977)  Their 
accuracy  is  likely  to  be  affected  bv  a  systematic  error  up  to 
about  -5%,  with  the  largest  errors  occurring  in  highly 
intermittent  flame  zones. 

We  now  turn  to  the  analysis  of  the  influence  of  the  spatial 
separation  between  the  temperature  and  the  velocity 
measurement  locations,  which  represents  the  largest  random 
error  affecting  the  accuracy  of  the  turbulent  heat  fluxes  This 
has  also  been  addressed  by  Yanagi  and  Mimura  (1981 ).  Tanaka 
and  Yanagi  (1983),  Heitor  et  al.  (1985)  and  FcitSo  and  Heitor 
(1992)  and  occurs  because  the  thermocouple  junction  must  lie 
outside  of  the  velocimeter  measuring  volume,  but  it  is  difficult 
to  place,  reliably,  both  measurement  locations  closer  than  I 
mm. 

Figure  I  shows  a  typical  result  of  an  experimental  analysis 
performed  to  quantify  the  effects  of  this  source  of  inaccuracy, 
which  was  obtained  by  measuring  the  velocity-tempcrtaure 
correlations  with  the  velocimeter  fixed  at  x/D  =  20  and  r/D  = 
1 .6  and  for  various  positions  of  the  thermocouple.  The  results 
show  that  the  dependence  of  the  velocity/temperature 
correlations  on  the  spatial  displacement  between  the  two 
measuring  points  is  comparable  along  the  streamwisc  and 
spanwise  directions,  with  errors  reaching  25%  of  the  maximum 
value  if  the  displacement  becomes  larger  than  1.5  mm 

Other  errors  may  arise  due  to  the  deterioration  of  the 
thermocouple  bead  by  seeding  particle  accretion,  e  g..  FcrrSo 
and  Heitor  (1992)  Analysis  has  shown  that  particle  fluxes  up 
to  about  1000  Hz  result  in  a  change  of  the  time  constant 
smaller  than  10%  over  10  minutes  of  exposure,  and  this  data 
rate  was  used  in  the  present  work  to  avoid  any  significant 
deterioration  of  the  bead  during  the  measurements 

Finally,  it  is  important  to  mention  that  the  accuracy  of  the 
compensation  of  the  output  of  the  thermocouple  affects  the 
results  in  terms  of  the  highest  frequency  component  which 
could  be  measured  The  method  used  here  comprised  a  least- 
square  numerical  derivative  approach,  as  described  by  Savitzky 
and  Golay  (1976).  and  its  accuracy  was  evaluated  by 
comparing  the  frequency  spectra  of  uncompensated  and 
compensated  signals  The  results  showed  that  the  energy- 
containing  frequencies  of  the  (lames  analysed  are  negligible 
above  around  I  5  KHz.  which  is  smaller  than  the  frequency 
response  of  the  system  Compensation  was.  therefore, 
performed  over  2  decades,  which  is  acceptable  as  discussed  by 
Ballantvne  and  Moss  (1977) 


a) 


Figure  I  Dependence  of  the  velocity-temperature  correlation 


on  the  distance  between  the  LDV  control  volume,  at 
x/D  =  20.  r/D  =  1 .6,  and  the  thermocouple 

a)  u  1' 

b)  v  l" 

3  RI-ISULTS  AND  DISCUSSION 

The  measurements  of  velocity,  temperature,  gas  composition 
and  turbulent  heal  flux  obtained  for  single  and  multiple  flame- 
are  presented  in  this  section  with  the  ultimate  obietme  ot 
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discussing  the  extent  to  which  the  interaction  of  flames  may 
alter  the  typical  transport  processes  of  a  single  jet  flame  The 
mean  and  turbulent  velocity  and  temperature  and  the  mean 
major  gaseous  species  concentrations  are  analysed  in  a  first 
part  and.  then,  the  results  of  the  velocity-temperature 
correlations  are  presented  and  discussed. 


3.1  THt  MI  AN  AND  TURBULENT  FLOW  FIELDS 

Figure  2  shows  radial  distributions  of  the  mean  and  turbulent 
velocity  characteristics  measured  for  the  single  flame  from  10 
to  40  diameters  downstream  of  the  burner  exit  The  results 
show  the  expected  trends  of  a  jet  diffusion  flame  in  still  air 
turbulence  intensity  is  maximum  in  the  shear  layer  where 
gradients  of  mean  velocity  are  larger  and  where  chemical 
reaction  occurs  Probability  density  functions  of  velocity 
fluctuations  (not  shown  here  due  to  lack  of  space)  were  found 
to  be  nearly  Gaussian,  except  near  the  outer  edge  of  the  jet. 
where  the  distributions  arc  negatively  skewed  due  to  the 
entrainment  of  external  air.  as  also  observed  by  Driscoll  et  al. 
(1982). 

Figure  3  shows  the  radial  distributions  of  velocity 
characteristics  measured  in  the  multiple  flames  system  bv 
transversing  the  LDV  control  volume  along  a  path 
perpendicular  to  the  optical  axis  The  results  showed  that  the 
flow  is  symmetric  around  the  axis  of  the  central  flame  and, 
here,  only  half  profiles  arc  presented,  with  the  axis  of  the 
central  flame  located  at  r/D  =  0  in  figure  3,  and  the  axis  of  the 
outer  flame  at  r/D  =  6  The  central  and  the  peripheral  flames 
can  be  individualized  up  to  x/D  *  20,  where  both  streams  begin 
to  merge.  The  width  of  the  outer  flame  (defined  as  the  radial 
distance  between  the  points  where  the  mean  velocity  is  5%  of 
the  centreline  mean  velocity)  is  about  20%  larger  than  that  of 
the  central  flame  and  comparison  of  these  results  with  those  of 
Fig.  2  shows  that,  at  x/D  =  20.  the  rate  of  spread  of  the  central 
flame  is  decreased  due  to  the  proximity  of  the  outer  flames. 
Also,  the  locus  of  the  minimum  axial  velocity  in  the  region 
between  the  flames  shows  that  the  inner  shear  layer  of  the  outer 
flow  is  deflected  inwards  As  a  consequence,  the  interacting 
mixing  zone  established  between  the  flames  develops  further 
downstream  with  an  assimetric  shape  on  the  r-x  plane,  with 
larger  radial  gradients  in  the  inner  side  and  smaller  gradients  in 
the  outer  side 

The  turbulent  flow  field  (Figures  3b.  c  and  d)  is  expected  to 
varys  in  accordance  with  the  changes  observed  in  the  mean 
flow.  For  example,  the  velocity  fluctuations  in  the  shear  layer 
of  the  central  flame  arc  larger  than  those  measured  in  the  single 
flame,  but  smaller  in  the  inner  shear  layer  of  the  outer  flame 
Simultaneously,  also  the  radial  gradients  of  the  normal  stresses 
are  increased,  which  alters  turbulent  diffusion  further 
downstream  As  a  rcsuli.  the  normal  stresses  measured  on  the 
axis  of  the  central  flame  at  x/|)=  30  are  larger  than  those 
measured  in  the  single  flame,  while  those  in  the  axis  of  the 
outer  flames  are  smaller 
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Figure  2  Radial  distributions  of  the  non-dimensional  xelocil 
characteristics  in  the  single  flame 
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The  above  results  suggest  that  the  primarily  aerodynamic  effect 
of  llamcs  in  mutual  interaction  is  due  to  changes  in  the  radial 
gradients  of  the  mean  flow,  which  in  turn  change  the  pattern  of 

the  shear  stress  u  '  and.  consequently .  the  interaction  ol 

u  v  with  6U/6t,  which  is  expected  to  be  the  main  mechanism 
associated  with  turbulent  production  This  mechanism  first 
feeds  energy  into  the  axtal  velocity  fluctuations,  which  is 
subsequently  redistributed  among  the  other  components  and. 
therefore,  the  velocity  fluctuations  in  the  radial  direction  are 
more  affected  than  those  in  the  axial  direction,  as  observed  in 
Figure  3  c)  It  must  be  noted  that  large  radial  velocity 
fluctuations  were  not  measured  in  the  upstream  part  of  the 
interacting  mixing  layer,  as  observed  in  the  mullijet  burner 
studied  by  Heitor  and  Moreira  (1992).  suggesting  the  unlikely 
influence  of  the  axial  gradients  of  mean  velocity  to  turbulent 
production 

The  analysis  of  the  previous  paragraphs  suggest  that  the 
process  of  flame  interaction  may  be  important  in  practical 
systems  where  combustion  is  controlled,  or  strongly 
influenced,  by  the  rates  of  turbulent  mixing  and.  thus,  by 
turbulent  fluctuations.  However,  this  process  does  not  act 
isolated,  since  the  presence  of  side  llamcs  also  affects  the 
entrainment  of  ambient  air  and.  consequently,  the  amount  of 
reactants  available  for  mixing  and  combustion  Therefore,  a 
better  interpretation  of  the  process  requires  the  analysis  of  the 
temperature  and  gas  composition  fields  These  arc  shown  in 
Figures  4  and  5,  respectively,  in  the  form  of  radial  distributions 
of  mean  and  fluctuating  temperatures  and  mean  mixture 
fraction  as  calculated  from  the  measured  concentrations  of 
stable  species 

Figure  4a)  shows  that  the  maxima  values  of  mean  temperature 
in  the  single  flame  occur  in  the  mixing  region  between  the 
external  ambient  air  and  the  fuel  jet.  where  the  local  mixture 
fraction  is  close  to  the  stoichiometric  value  (see  Figure  4c)  and 
velocity  fluctuations  are  larger  Temperature  fluctuations  are 
larger  along  the  outer  edge  of  the  flame  and  peak  values  are 
associated  with  very  lean  local  mixture  fractions,  as  a  result  of 
the  concurrent  processes  of  mixing  and  chemical  reaction  (e 
g.,  Scheffer  and  Dibble,  1985) 

In  the  multiple  flames  arrangement,  the  mixing  layer  between 
the  central  and  the  outer  flames  corresponds  to  a  region  lacking 
of  oxygen.  The  minimum  value  of  the  mixture  fraction  moves 
outwards  (Figure  5c).  suggesting  that  the  ambient  air  is 
preferential  entrained  into  the  outer  llamcs.  and  resulting  in  an 
assimetric  distribution  of  the  mixture  fraction  with  values  in 
the  axis  of  the  central  flame  larger  than  those  in  the  outer 
flames  up  to  x/D  =  30  While  the  lack  of  oxygen  in  the  mixing 
layer  docs  not  significantly  affect  the  temperature  distributions 
at  x/D  =  20.  the  mean  and  the  fluctuating  temperatures  further 
downstream  arc  much  smaller  than  those  observed  in  the  single 
flame 
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with  high  actuation  energy  which  should  occur  lunltcr 
downstream  are  inhibited,  thus,  contributing  to  a  decrease  <>l 
the  final  temperature  of  the  combustion  products  Ihiv  in  turn, 
results  in  smaller  rates  of  heat  released  b>  combustion,  which 
mainly  contributes  to  decrease  the  fluctuations  of  temperature 
in  the  interacting  mixing  laser,  as  observed  by  comparing 
Figures  4b)  and  5b) 
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Measurements  of  spectral  emitted  radiation  reported  in  a 
companion  paper  (e  g..  Heitor  ct  al  .1904)  show  that  the  lack  of 
oxygen  in  the  interacting  mixing  laser  inhibits  the  free-radical 
reactions  necessary  for  the  formation  of  the  final  products  of 
reaction  further  downstream  Although  these  reactions  release  a 
small  amount  of  energy  if  they  are  not  able  to  occur  in  the 
upstream  pari  of  the  mixing  layer,  the  decomposition  reactions 
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it  must  noted  here  that  a  subsequent  effect  of  the  rate  of  heat 
release  would  be  to  decrease  the  dilatation  effects,  which 
would  contribute  to  increase  the  turbulent  velocity  fluctuations. 

as  discussed  Bilger  (1989).  The  fact  that  v  2  is  decreased  in 
the  shear  layer  of  the  jet  diffusion  flame  due  to  the  presence  of 
a  side  flame,  suggests  that  the  shear-induced  mechanisms 
dominate  over  the  combustion-induced  mechanisms  of 
turbulence  generation.  Therefore,  the  turbulent  flow  field  in  the 
interacting  flames  is  likely  to  be  more  influenced  by 
aerodynamic  effects,  rather  than  by  chemical  effects  due  to  the 
lack  of  entrained  ambient  air. 

3.2.  THE  TURBULENT  FLUXES 
The  main  question  adressed  in  the  present  paper  is  how  the 
effects  on  the  mixing  patterns  due  to  flame  interaction 
influence  turbulent  transport  and,  thus,  the  structure  and  the 
mechanisms  of  flame  propagation.  To  achieve  these 
objectives.  Figure  6  shows  the  measured  vectors  of  turbulent 

u't" 

heat  flux,  1  ,  superimposed  on  the  radial  profiles  of  mean 

axial  velocity  and  temperature.  These  quantities  represent  the 
turbulent  heat  transfer  rate,  and  are  responsible  for  the 
phenomenon  of  flame  stabilization  at  the  burner  nozzle  and  for 
the  downstream  flame  propagation.  The  results  show  that  the 
turbulent  heat  fluxes  tend  to  be  restricted  to  the  mixing  layers 
where  lager  temperature  gradient  occur,  and  exhibit  a  large 
component  directed  along  the  isotherms.  Table  1  shows  that 
the  magnitude  of  the  measured  values  is  comparable  to  that 
reported  in  the  literature  for  other  jet  flames.  In  addition,  the 
results  follow  similar  qualitative  trends  for  single  and  multiple 
flames,  although  the  details  are  affected  by  the  interacting 
process,  as  considered  in  the  following  paragraphs 

For  the  single  flame,  it  should  be  noted  that  in  the  region  of  the 

shear  layer  where  combustion  occurs,  u  t  is  directed  in  the 
opposite  direction  of  the  axial  gradient  of  mean  temperature, 

!rt/at,  while  v  *  changes  from  negative  to  positive  close  to 
the  flame  front  where  is  still  positive,  so  that  non-gradient 

transport  is  likely  to  occur  (see  Figure  6a).  This  occurs  only  for 
a  limited  zone  of  the  shear  layer  centered  at  x/D=IO  and  up  to 
r/D*=l.  Otherwise,  the  assumption  that  heat  is  transported  in  the 
direction  of  the  radial  gradient  is  verified  throughout  all  the 
flow.  Similar  observations  of  counter  gradient  diffusion  of  heat 
in  the  vicinity  of  the  flame  front  has  been  reported  in  other  jet 
diffusion  flames  (e.  g..  Yanagi  and  Mimura,  1981)  and  has 
been  attributed  to  a  the  occurrence  of  wrinkle  flame  fronts  (e. 
g.,  Bilger,  1989):  the  passage  of  a  burned  gas  pocket  through 
the  measuring  point  gives  rise  to  a  positive  velocity  fluctuation 
in  the  radial  direction  due  to  thermal  expansion  and  to  a 

positive  temperature  fluctuation  and.  therefore,  v  '  >0.  It  is 
worth  mentioning  that  this  interpretation  is  consistent  with  the 
shape  of  the  probability  density  functions  of  temperature 
measured  throughout  this  work,  which  exhibit  flatness  values 
far  from  a  typical  Gaussian  distribution  in  random  turbulence. 
The  turbulent  heat  flux  distributions  measured  for  the  multiple 
flames.  Figure  6b).  show  trends  qualitatively  similar  to  those 
analysed  above  for  the  single  flame,  with  peak  values  occuring 
in  regions  of  large  gradients  of  mean  temperature.  Although 


the  figures  do  not  allow  an  accurate  comparison  of  the 
variations  in  magnitude,  it  is  worth  noting  that  the  peak  value 

of  u  I  in  the  mixing  region  at  x/D  =  20  is  about  100%  larger 
than  that  measured  in  the  shear  layer  of  the  single  flame.  This 
difference  is  rapidly  anenuated  further  downstream  and.  at  x/D 

=  30,  the  peak  values  of  u  1  are  similar  in  the  two 
experimental  conditions  used.  Larger  differences  arc  observed 

in  the  radial  component  of  the  turbulent  heat  flux.  v  *  , 
which  is  significantly  smaller  than  that  measured  in  the  single 
flame  througout  all  the  mixing  region  up  to  x/D  =  20  While 

the  initial  increase  of  u  1  is  consistent  with  the  initial 
increase  of  the  fluctuations  of  the  axial  velocity,  the  decrease 

of  v  1  is  associated  with  a  comparatively  larger  decrease  of 
the  fluctuations  of  the  radial  velocity  in  the  mixing  layer,  as 
discussed  previously.  Again,  these  results  suggest  that  the 
aerodynamic  effects  on  the  turbulent  transport  of  heat  dominate 
over  the  chemical  kinetic  effects  induced  by  the  lack  of  oxygen 
in  the  mixing  layer  where  the  interaction  between  the  flames 
occurs, 
a) 
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Figure  6  Radial  distributions  of  the  turbulent  heat  flux  vectors. 

a)  Single  flame. 

b)  Multiple  flames 
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Table  I  Summary  of Velocity  •temperature  Correlation  Measurements  in  lei  Flames 


RE1  ERENCI- 


I’resenl  work 


flame 

CHARACTERISTICS 


uV  (C  m/s) 


Non-premi\cd  |el  llame  I  -134  (if  r/D=l  4 


D=5mm. 

Rc=2040<) 


x/D=20. 
-40  r/D=0  0 


Gunther  &  Wiiimer 
(1980) 


Yanagi  &  Mimura 
(1981).  Tanaka  & 
Yanagi  (1983) 


Stamer  (1983) 


x/D=IO. 


Free  tel  non-premixed  40  q  x/D=50 
flame 

r'D=0  0 

D=8mm. 

Re=37000 


Open  burner  premixed  -30  (2)  x/D=2  5 

flame  _  , . 

r/D=35. 

D=8.  10mm. 

(reaction  zone) 

Re=3200 


Hi  non-premixed  flame 
in  co-flowing  stream 

D=7  6mm. 

Re= 1 1 200 


v"l"  (Cm/ s) 


22  //  x/D=IO. 


r/D=  I  0 
-25  (S\  x/E>=20. 


r.  n=l  8 


30 x/D=2.5 


(reaction  zone) 


96  %  x/D=80; 


(OMMIMS 


/ones  ol  non- 
cradiem  diffusion 


R„:  -  t )  lor 


not  explained 


Counter-gradient 
heal  llux  only  within 
reaction  and  mixing 


Gradient  diffusion  of 
scalar  characteristics 
over  all  the  flame 


Figures  7  and  8  show  radial  profiles  of  the  correlation 
coefficients.  Rw .  R«  and  Rm  calculated  from  the 
measurements  obtained  in  the  single  and  in  the  multiple  flames, 
respectively,  and  arc  important  to  analyze  the  relative 
contribution  of  the  turbulent  velocity  fluctuations  to  the 
transport  of  temperature 

For  all  the  cases  studied,  R.i  is  always  smaller  than  R«i .  as 
observed  in  other  jet  diffusion  flames  (c  g .  Takagi  et  al.. 
1981.  Yanagi  and  Mimura.  1981)  and  in  strongly  sheared 
recirculating  diffusion  flames  (e  g  .  Fernandes  el  al .  1993). 
suggesting  that  the  turbulent  motions  are  more  efficient  in 
transporting  heat  along  the  axial  direction  than  along  the  radial 
direction  This  is  in  accordance  with  the  interpretation  that  the 
flame  is  represented  by  a  wrinkled  flame  structure,  in  that  the 
wrinkled  shape  of  the  instantaneous  flame  front  affects  more 
the  radial  transport  of  beat  than  that  along  the  streamwise 
direction  because  the  average  llame  region  is  nearly  vertical 

I  hc  negative  values  of  Rut  in  the  single  llame  occur  in  the  rich 
side  of  the  llame.  while  the  positive  values  occur  in  the  outer 
part  of  the  llame  where  mixing  with  the  ambient  air  occurs  In 
the  interacting  shear  layer  of  the  multiple  flames  negative 
values  of  R»<  occur  in  the  upstream  region  up  to  x/D  =  24 
However,  the  absolute  peak  values  are  larger  in  the  multiple 


flames  (around  0.5),  as  compared  with  those  measured  in  the 
single  flame  (around  0.4)  Similar  trends,  although  with 
different  magnitudes,  are  observed  for  the  correlation 

•  ■  2 

coefficient  R.i .  despite  the  observed  decrease  of  v  This 
result  suggest  that,  though  the  mechanisms  of  turbulent 
transport  arc  similar,  the  contribution  ol  the  turbulent  motions 
lo  the  transport  of  heat  is  more  efficient  in  the  multiple  flames 
than  in  the  single  flameThc  correlation  coefficient  for  the 
turbulent  transport  of  momentum.  R,„  .  follows  the  trends  ol 

the  shear  stress  u  v  .  with  peak  values  around  0.5  in  the 
single  flame  (Figure  7).  in  accordance  with  other  measurements 
reported  in  tel  diffusion  flames  <e  g  .  Glass  and  Bilgcr.  1978. 
Starner  and  Bilgcr.  1980.  1989)  I  he  results  obtained  in  the 
multiple  flames  (Figure  8)  show  a  similar  behavior  suggesting 
that  the  interaction  mechanisms  do  not  give  rise  to  extra 
mechanisms  of  production  and  transport  ol  momentum 


4  (  ONCI.USIONS 

Detailed  velocity .  temperature  and  niaior  species  concentration 
measurements  are  presented  lor  burner-attached  |ct  propane 
flames  at  Rc=2()400  The  measurements  encompass  the 
analysis  of  single  and  3  multiple  flames  in  mutual  interaction  at 
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making  use  of  thermocouple  lime-constants  evaluated  on  the 
basis  of  the  Collis  and  Williams  law  considering  local  flame 
properties  I  "he  largest  error  sources  associated  with  the 
measurements  are  due  to  the  spatial  displacement  between  the 
two  measuring  /ones,  which  nta>  give  rise  to  the 
underestimation  of  the  velocity -temperature  correlations  by 
25%  of  the  maximum  value  if  the  displacement  becomes  larger 
than  1.5  mm 

The  mam  question  addressed  is  how  the  efleels  on  the  mixing 
patterns  due  to  flame  interaction  influence  the  turbulent 
transport  and  the  process  of  (lame  propagation  The  results  for 
the  single  flame  show  that  the  turbulent  heat  fluxes  tend  to  be 
restricted  to  the  mixing  layer  where  large  temperature  gradients 
occur,  and  that  they  exhibit  a  larger  component  directed  along 
the  isotherms  Observations  of  non-gradient  diffusion  of  heat 
in  the  vicinity  of  the  flame  front  has  been  verified  a:,  already 
reported  in  others  jet  diffusion  flames 

For  the  multiple  flames,  the  results  show  qualitatively  similar 
trends,  with  the  process  of  turbulent  flame  propagation  being 
unaltered  at  the  level  of  flame  interaction  considered  in  this 
paper 

Analysis  of  (he  instantaneous  velocity  and  temperature  results 
shows  that,  in  the  multiple  flames  arrangement,  the  turbulent 
flow  field  appears  to  be  more  influenced  by  aerodynamic 
efTects  than  by  chemical  effects  due  to  the  lack  of  entrained 
ambient  air.  The  results  further  suggest  that  the  interaction 
mechanisms  do  not  give  rise  to  extra  mechanisms  of 
production  and  transport  of  momentum 
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ABSTRACT 

Velocity  measurements  in  an  industrial  oil  furnace 
with  temperature  and  gas  species  were  carried  out  by  a 
developed  Fiber  LDV  having  high  spatial  resolution  and 
high  signal-to-noisc  ratio.  The  comparisons  of  gas 
concentrations  and  convective  flux  were  performed  in 
aider  to  understand  the  reverse  flow  characteristics  in  the 
furnace.  It  was  found  that  the  gas  concentration  data  is 
useful  in  the  flame  analysis  but  the  convective  flux  is 
effective  to  understand  the  flow  outer  the  flame  region. 

1.  INTRODUCTION 

Measurements  of  velocity,  temperature,  and  gas 
concentration  in  a  practical  industrial  furnace  are 
currently  challenging  subjects  in  spite  of  the  use  of 
current  advanced  methods  such  as  laser  (Baker,  1973; 
Dugue,  1992).  But,  the  difficulties  in  understanding  of 
the  physical  phenomena  in  the  industrial  furnaces  are  not 
only  depend  on  the  difficulties  rtf  the  measurement 
methods,  but  also  the  uncertainty  of  the  measured  data. 
For  oil  furnaces,  the  fuel  spray  is  traveling,  aggromated, 
collided,  separated  and  evaporated  (Edwards, 1990).  If 
temperature  measurements  by  a  thermocouple  are  carried 
out  in  such  flows  with  fuel  spray,  the  radiation  problem, 
fuel  slide  problem  occur  which  cause  time  delay  in 
response  (Williams,1985;  Nakabe,  1975).  It  is  still 
doubtful  to  use  the  laser  technique  to  measure 
temperature  in  such  complicated  combusting  flow  fields 
(Eckbreth,  1987).  In  measuring  gas  species,  the  most 
common  method  is  sampling  method  in  which  a 
resolution  and  an  accuracy  depend  dramatically  on  the 
sucking  speed  and  its  direction,  also  freezing  problems 
(Chigier,  1991).  For  velocity  measurements,  an 
advanced  technique  as  laser  Doppler  velocimeter  (LDV  : 
Durst,  1976)  can  provide  sufficient  data,  but  there  are 
same  problems  such  as  beam  refraction  at  flame  front 
(Hong,  1977),  and  low  signal-to-noise  ratio  (SNR)  due 
to  other  illuminated  light. 

Then,  we  opted  for  flux  measurements  (Heitor, 
1993)  in  order  to  understand  the  physical  phenomena  in 


cute  parameter,  and  reduce  the  multiple  uncertainties. 
Here,  only  convective  flux  of  gas  species  are  taken  into 
account. 

In  Oder  to  acquire  better  velocity  data  having  high 
spatial  resolution,  LDV  probe  was  specially  designed 
(Ikeda,  1990).  Conventional  LDV  has  long  focal  length 
so  as  to  have  large  measurement  volume,  which  can  get 
the  velocity  data  even  with  some  beam  refraction 
(Bonin,  1991;  Ereaut,  1991),  but  has  less  SNR  due  to 
low  light  intensity.  The  strategy  to  obtain  high  data 
rate  was  on  the  basis  of  small  measurement  volume, 
with  long  focal  length,  which  might  have  less 
probability  to  has  two  beams  crossing  but  very  high 
data  rate  at  the  crossing  having  high  spatial  resolution. 

In  this  paper,  the  industrial  furnace  having  A-type 
fuel  oil  was  examined  in  aider  to  measure  velocity, 
temperature,  and  gas  species  with  convective  flux  in 
axial  direction.  The  purpose  of  this  study  is  to  show  the 
effective  usefulness  of  the  convective  flux  to  understand 
the  combustion  characteristics  and  demonstrate  the  role 
of  the  self-redrculating  flow  in  the  furnaces. 

2.  EXPERIMENTAL  APPARATUS 

2.1  Furnace 

The  test  furnace  used  in  this  study  is  0.103MW 
having  an  A-type  fuel  oil  as  shown  in  Fig.  1.  The  size 
of  the  furnace  is  430  mm  x  1440  mm  having  7 
separate  blocks.  Each  block  is  made  of  annular 
structure  having  water  cool  to  measure  heat  flux  at  each 
block.  There  are  7  optical  windows  of  d  150mm  x  t 
15mm  of  BK-7  with  anti-reflection  coating.  Fw»t> 
windows  are  double  spaced  to  avoid  the  fogging. 

The  operational  condition  of  the  furnace  is  0.103 
MW,  the  fuel  consumption  is  9.45  x  10*3  (m3/h)  and 
an  excess  air  ratio  is  X=2.  At  the  exit  of  the  furnace, 
02=4.7%,  002=10.8%,  00=0%,  and  NO=58.4ppm. 
For  designing  the  size  of  the  optical  windows,  the 
required  spatial  resolution  of  measurement  volume, 
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needed  measurement  range,  aid  its  focal  length  woe 
taken  into  account,  so  that  the  size  of  the  optical 
windows  was  determined. 

2.2  Burner 

The  test  burner  is  a  gun-type  burner  as  shown  in 
Fig.2.  An  A-type  fuel  is  pressurized  up  to  0.7  MPa  and 
farm  hollow-corn  spray  at  60°  .  A  buffle-plate 
mounted  on  the  burner  plays  a  role  of  flame  holding. 
The  slits  at  the  buffle-plate  are  used  to  reassess  the 
flame  from  the  buffle-plate.  Figure  3  is  a  direct  picture 
of  the  flame.  As  seen  in  the  picture,  there  are  three 
main  parts;  one  is  the  flame  holding  region  near  buffle 
plate,  the  second  is  the  transparent  region  where  the  fuel 
droplets  are  evaporating,  and  the  third  part  is  the  main 
combustion  region  having  much  luminescence  as 
background  noise.  In  our  previous  experiments  under 
isothermal  combustion,  it  was  found  that  the  droplets 
under  30pm  are  traveling  and  following  to  the  reversing 
flow  at  the  flame  holding  region,  and  over  50pm 
droplets  were  penetrating  the  reversing  flows. 

2.3  LDV  Optics 

In  designing  a  LDV  probes,  four  main  problems 
were  taken  into  account,  that  is,  a  beam  "dancing"  due 
to  beam  refraction  at  a  flame  surface,  the  decrease  of 
probability  of  two  beams  crossing,  foe  installation  of 
foe  spatial  filter  to  cut  off  background  noise,  and  the 
light  scattering  at  optical  wmdow  which  cause  much 
background  noise.  Furthermore,  foe  seeding  particle 
problem  is  foe  indispensable  matter.  In  this 
experiment,  very  light  and  uniform  diameter  particle 
(MSF;  Dceda,  1992)  was  added  into  combusting  air. 

In  order  to  increase  SNR,  what  we  did  was  to  make 
small  measurement  volume  to  increase  light  intensity 
so  as  to  produce  much  light  scattered  from  the 
measurement  volume,  and  have  large  receiving  aperture 
so  as  to  collect  much  light  scattered.  These  two 
parameters  are  combined  into  are  parameter  call  SNR 
parameter  (SNRP).  To  make  small  measurement 
volume  can  increase  spatial  resolution  but  decrease  two 
beam  crossing  probability  which  causes  low  data  rate. 
The  measurement  volume  should  be  proper  size  to  the 
velocity  gradient  region.  In  considering  a  visibility,  a 
fringe  spacing  of  3.86pm  was  determined  and  the  size  of 
the  measurement  volume  was  determined  to  be  69.9 
pmxl030  pm  at  focal  length  of  500  mm.  The 
schematic  layout  of  the  developed  LDV  probe  is  shown 
in  Fig.4.  The  optimization  of  fringe  spacing  and  foe 
seeding  diameter,  SNRP,  and  spatial  resolution  were 
carried  out. 

The  measurements  were  carried  out  by  back- 
scattering  mode  and  data  rale  of  over  8  kHz  was 
achieved  near  burner  nozzle.  Figure  S  shows  a 
photograph  of  the  measurement 


Fig.l  furnace 


X  ^  ^Baffle  plate 


Fig.2  Burner  features. 

2.4  Temperature  and  Gas  Species  Measurements 

For  temperature  measurements,  a  R-type 
thermocouple  (Pt/Pt-Rhl3%)  was  used.  The  wire 
diameter  was  OJmm  and  without  sealing.  A  coating 
was  done  to  avoid  catalytic  effect  In  the  temperature 
measurements,  no  corrections  rtf  radiation,  beat 
conduction,  droplet  sticking  were  carried  out. 

In  gas  species  measurements,  a  water  cool  sampling 
probe  was  used.  The  probe  diameter  was  +1-6  mm  at 
foe  intake  and  +10.0  mm  at  the  main  body.  The 
sucking  speed  effect  was  taken  into  account  so  that  a 
damp  dumber  was  put  in  the  gas  flow  line.  For  C>2 
measurement  magnetic  method  (Shimazu)  was  used, 
CO2  (NDIR  Shimazu)  ,  and  NO 
(chemiluminescence  method  :  Shimazu). 
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Fig-4  Schematic  layout  of  the  developed  LDV  probe 


Fig.5  Velocity  measurement  photograph 
25  Experimental  Conditions 

The  pressure  of  the  fuel  was  set  up  to  0.7  MPa  and 
its  flow  nte  was  9.4S  x  10-3  (m3/h)  whkdj  translated 
to  0.103  MW.  The  fuel  temperature  was  (juntroUed  by 
oil  heater  at  25°C.  The  air  flow  was  controlled  by  a 
flow  meter  and  an  excess  air  ratio  was  >-=*1.2  At  the 
furnace  exit,  02=4-7  vol%,  002=10.8  vnl%;  NO=58.4 
ppm  (at  02=0%),  and  CCW)  ppm.  The  NOx  index  was 
297  g/kg  Fuel. 

3.  MEASUREMENTS  RESULTS  AND  DISCUSSION 

•  1 

3.1,'Fiow  Field  near  Burner 

'!  v  ■;  .■  -I.,.  , 

.  Uniirfee.  Components  of  velocity  near  the  burner  were 
measured 'by  the  LDV  with  BSA  (Dantes).  Tire 'mean 
velocity  and  its  rxns  value  at  x/E)=0.(J2  ate  shown  in 
Fig.  6, -where  D  is  the  diameter  of  the'  furnace  of  430 
mm.  It  is  very  difficult  to  identify  the  droplet  velocity 
near  the  burner,  because  LDV  measure  the  particle 
velocity  which  travels  through  the  measurement 
volume.  As  shown  in  the  previous  study,  the  droplets 
under  30pm  flues  the  reversing  flow  and  over  50pm 
penetrated  the  reverse  flow  region  as  shown  in  Fig.  7. 
In  Fig.  6  a  broken  line  indicates  the  spray  region  which 
has  60°  hollow-corn  angle.  It  is  found  that  there  are 
two  peaks  in  axial  velocity  profile,  which  means  there 
are  two  reverse  flows.  The  outer  axial  velocity  peak  is 
due  to  the  flow  passage  between  the  buffle-plate  and  the 
burner  throat,  which  is  lower  than  that  of  area,  but  it  is 
not  possible  to  compare  the  velocity  because  the  foe! 
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Fig.6  Three  components  of  velocity  near  the  burner. 
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Fig.7  Spray  structure. 


droplet  also  traveling  the  inner  reversing  region.  The 
maximum  velocity  yields  at  the  spray  region  in  the 
axial  direction,  bat  the  maximum  velocity  in  radial 
direction  is  slightly  shifted  outwards.  Swirl  vclocily  is 
observed  in  the  outer  reverse  flow. 

In  rats  values,  maximum  values  in  axial  and  radial 
direction  were  observed  in  the  inner  reverse  flow 
regions,  which  was  caused  by  the  spray  fuel  penetration 
and  its  mixing  with  air  in  the  reverse  flow. 

3.2  Flow  Field  in  Furnace 

First,  the  comparisons  of  flow  in  isothermal 
without  foci  quay  and  in  combustion  were  demonstrated 
as  shown  in  Fig.  8.  The  hatching  area  shows  the 
reverse  flow  region  (u<0).  The  dupe  of  axial  velocity 
contours  looks  similar  in  both  conditions,  but  the  axial 
velocity  in  combustion  near  the  burner  ws  almost  two 
times  huger  than  that,  which  is  doc  to  volume 
expansion  in  combustion. 


Axial  Velocity  nrts 

Comb.  Cold  flow  Comb.  Cold  flow 


r/R  r/R 

Fig  8  Flow  field  in  the  fumacc. 

The  shapes  of  axial  rms  values  are  different  from 
each  other.  In  combustion,  the  larger  rms  region  is 
loaded  just  outer  of  the  burner  where  the  flame  is 
framed  awl  is  the  large  velocity  region. 

The  reverse  flow  region  in  combustion  is  shifted 
rather  outer-ward  than  in  isothermal  condition,  this  is 
also  due  to  the  combustion  effect.  But  the  lengths  of 
the  reverse  flow  regions  arc  almost  the  same  in  both 
conditions,  and  the  maximum  reverse  flow  velocity  has 
less  differences.  The  volume  ratio  of  the  reverse  flows 
are  31%.in  combus  on  and  34%  in  isothermal.  This 
fad  can  provide  a  good  understanding  that  the  self- 
reverse  flow  area  and  its  volume  can  predicted  very  well 
by  isothermal  flows. 

3.3  Temperature  and  Gas  Species  Distributions 

Figure  9  shows  the  distributions  of  Oi,  CO2  and 
NO  concentrations  together  with  velocity  and  the 
temperature.  The  flame  holding  region  is  at  x/D=0.174 
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and  main  combustion  region  is  at  x/D=OJ93  where 
much  luminescence  light  yields,  and  the  center  part  of 
furnace  where  the  reverse  flow  region  is  over. 

At  x/D  =0.174,  the  temperature  distribution  shows 
lower  value  at  the  center  line  where  O2  concentration  is 
high  and  CO2  concentration  is  low.  This  means  that 
the  mixing  of  Aid  and  air  is  not  well  done.  At  r/R=0.1 
(r=21-5mmX  O2  is  higher  than  that  at  the  center  line 
and  CO2  is  increasing  where  NO  concentration  shows 
its  maximum  value.  At  this  point  the  temperature 
shows  its  maximum  value.  Here,  an  active  combustion 
process  is  carrying  out,  but  no  remarkable  features  can 
be  seen  in  the  velocity  distribution.  At  r/R=0.25,  O2 
value  shows  maximum  and  CX>2  decreases  which  is  the 
opposite  to  those  at  r/R=0.1,  where  the  temperature 
distribution  starts  to  doorcase.  This  radius  [r/R=0.25]  is 
the  flame  surface  region.  The  reason  of  high  O2  value 
is  due  to  air  passage  through  the  gap  between  the  baffle 
plate  and  the  burner  throat.  As  shown  in  the  direct 
picture  of  the  flame,  there  is  a  transparent  spray  region 
where  droplet  evaporation  takes  place.  The  combusting 
air  from  this  gap  enhances  the  mixing  of  spray  and  air, 
but  it  takes  sometime  so  that  the  flame  is  extended  in 
the  axial  direction,  where  the  O2  values  arc  high.  At 
r/R>0.5,  CO2  value  shows  larger  value  than  that  in  the 
flame  region,  this  is  due  to  residual  combusted  gas.  It  is 
needed  to  compare  the  inner  high  value  region  of  OO2 
and  the  center  residual  CC>2  region  by  means  of 
production  talc  or  convective  flux. 

At  x/D=Q.593,  the  remarkable  point  is  that  the  CO2 
concentration  shows  higher  value  in  spite  of  no 
velocity.  It  is  impossible  to  distinguish  weather  that  is 
due  to  OO2  production  or  residual  CO2.  The  same 
matter  can  be  seen  in  NO  distribution. 

At  x/D=2-302,  the  three  gas  spcdcs  show  almost 
constant  values  which  means  that  combustion  process 
was  done  perfectly. 

As  shown  in  this  figure,  we  can  understand  the 
combustion  characteristics  separately  such  as  velocity, 
temperature,  and  gas  spcdcs  concentration.  But  we  can 
not  find  the  understanding  of  NOx  formation  region  and 
its  production  rate. 

3.4  Reverse  Flow  Region 

For  understanding  of  the  flows  of  O2  and  CO2  in 
the  reverse  flows,  the  reverse  flow  ratio  (reverse  flow 
nte/total  flow  rate  at  each  cross  section  area)  arc  shown 
in  Fig.  10.  As  shown  in  Fig.  8,  the  reverse  flow  region 
tail  is  at  x/D  ^2.0,  so  that  the  figure  has  the  vertical 
axis  to  x/D  ^2.0.  The  maximum  flow  ratio  is 
37%  at  x/D*0-593,  which  is  probably  (hie  to  the  corner 
reverse  flows.  The  CO2  reverse  flow  ratio  shows  its 
maximum  at  the  same  position  as  the  flow  rate,  but  the 
O2  has  the  maximum  near  the  burner  up  to  50%,  which 
is  due  to  incoming  fresh  air  from  the  gap  between  the 
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Fig  9  Distributions  of  O2,  CO2  and  NO  together 


Fig.  10  Reverse  flow  ratio  of  O2,  CO2. 
with  velocity  and  temperature. 

traffic  plate  and  the  burner  throat,  and  the  combustion 
process  near  the  burner  was  not  enough  to  consume  O2 
so  much. 

The  volume  flow  rates  in  consideration  of 
temperature  and  concentration  arc  shown  in  Fig.l  1.  The 
volume  flow  at  a  certain  rircu instance  was  integrated  and 
shown  at  cadi  radius.  At  x/D=0.174,  the  incoming 
fresh  air  shows  higher  region,  but  its  higher  values 
decrease  rapidly  in  axial  direction  due  to  combustion 
process.  The  reverse  O2  flow  rate  can  be  seen  with  this 
figure. 

At  x/D  =0.244,  the  CO2  flow  rate  shows  very  sharp 
distribution  which  is  due  to  flame  surface  region.  Also, 
it  is  found  that  no  CO2  production  exists  at  the 
centerline. 
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Fig  11  Volume  flow  in  the  furnace. 


As  explained  in  the  above  section,  it  is  very  difficult 
to  demonstrate  that  the  NO  is  produced  very  much  in  the 
region  in  which  the  NOx  concentration  shows  its 
maximum  value.  For  example,  if  NOx  concentration  is 
very  low  but  the  velocity  is  very  high,  the  NOx 
production  becomes  high.  So,  we  applied  the 
convective  flux  concept  to  understand  the  combustion 
characteristics.  The  convective  flux  of  each  gas  species 
means  the  gas  mass  per  unit  area  per  second,  kg/m^/s. 
In  calculation  of  gas  flux,  a  10  mm  grid  is  used.  Figure 
12  shows  the  comparisons  of  measured  gas 
concentrations  and  axial  convective  flux  at  the  three 
crass  sections.  The  negative  flux  shows  that  the  axial 
velocity  is  negative. 

At  x/D=0.174,  the  distributions  of  C>2,  CO2,  and 
NO  concentrations  show  the  same  tendency'  from  the 
center  line  to  r/R =0.4,  where  the  flame  surface  exists, 
but  large  discrepancies  come  out  at  r/R>0.4.  In  case  of 
O2,  the  concentration  shows  almost  5%,  this  value  is 
the  same  as  that  at  the  active  combustion  region  at 
r/R=0.1.  But  in  flux  there  is  almost  zero,  which  is  due 
to  zero  velocity,  that  is  only  residual  gas.  The 
difference  between  the  maximum  and  its  minimum  in 
concentration  can  not  provide  enough  understanding  of 
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Fig  12  Comparisons  of  measured  gas  concentrations  and  axial  convective  flux. 
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the  reverse  flow  region,  in  case  of  CO2,  the  maximum 
value  of  8%  was  seen  in  the  flame  but  at  r/R>0.4,  the 
value  exceeds  the  8%  and  reaches  to  10%. 

But  in  flux,  it  is  very  dear  that  the  inner  flux  is 
produced  one  but  the  outer  one  is  due  to  the  residua]  gas. 

in  case  of’ NO,  at  r/R<0.4,  a  large  amount  of  NO 
was  produced  in  the  flame  region  so  as  to  be  seat  in  the 
flux,  but  such  understanding  can  not  be  obtained  by  the 
NO  concentration. 

At  x/D  =0.593,  the  remarkable  discrepancies  were 
observed  especially  at  r/R>0.4.  In  the  reverse  flow 
region,  the  flux  concept  can  provide  the  information  of 
the  reverse  flow  region  very  well.  For  NO  at  r/R>0.3 
the  higher  values  rtf  NO  concentration  can  be  seen  at 
outer  region,  this  is  due  to  the  combination  of  residual 
gas  and  reversed  gas. 

As  demonstrated  in  this  figure,  the  implementation 
of  convective  flux  is  very  effective  to  understand  the 
combusting  flow  features,  especially  in  the  reverse  flow 
and  in  the  residual  gas  regions. 

4  CONCLUSIONS 

Measurements  of  velocity,  temperature,  and  gas 
species  concentration  were  carried  out,  and  the  results  are 
summarized  as  follows: 

(1)  The  axial  velocity  near  the  burner  in  combustion  is 
almost  two  times  higher  than  that  in  isothermal 
condition,  but  the  negative  velocity  in  the  reverse  flows 
in  both  conditions  were  almost  the  same  -1.0  m/s. 

(2)  The  length  of  the  reverse  flow  regions  were  almost 
at  x/D=2.0  in  both  conditions,  and  the  reverse  flow 
volumes  were  almost  the  same  as  31%  in  combustion 
and  34%  in  isothermal. 

(3)  The  convective  flux  concept  can  provide  better 
understandings  of  combusted  flows  such  as  the  reverse 
flow  and  the  residual  flows. 

REFERENCES 

Baker  ,R-J.,Bourke,PJ.,Whitelaw,J.H., 1973, 
Application  of  Laser  Anemometry  to  the  Measurement 
of  Flow  Properties  in  Industrial  Burner  Flames,  14th 
Symp.(Int.)  Comb.,pp  699-706 

Bonin,M.P.,and  Qeiroz,M.,  1991  .Local  Particle 
Velodty^ize^nd  Concentration  Measurements  in  a 
Industrial-Scale  Purerized  Coal- Fired  Boiler.Comb.  and 
Flamc.85.ppl  21 -133. 


Int.Symp.on  Appl.  of  Laser  Anemometry  in  Fluid 
Mechanics.,223.1. 

Durst,F.,  Melling,A.,Whitelaw,J.H.,1976, 
Principle  and  Practice  of  I  aser-Doppler  Anemometry. 
Academic  Press. 

Eckbreth.C.,  1 9R7I  aser  Diagnostics  for 
Combustion  Temperature  and  Species  Abacus  Press. 

Edwards,GF.,Rudoff,R.C., 1990, Structure  of  a 
Swirl-Stabilized  Spray  Flame  by  lmaging,Laser  Doppler 
Velocimetry  .and  Phase  Doppler  Anemometry,23th 
Symp.(Int.)  Comb.,ppl353-1359. 

Ereaut,P.R.,Gover,M.P,1991,LDA  Measurements 
of  flame  velocities  at  a  2000MWe  Coal-fired  Power 
Station. Journal  of  Institute  of  Enerfv.64.pp  135-142. 

Hehor,M.V.,1993,  Velocity  .Size  and  Turbulent 
Flux  Measurements  by  Laser  Doppler  Velocimetry, 
Instrumentation  for  Flows  with  Combustion.ppl  13- 
250. 

Hong,N.S,Jones,A.R.,Weinberg,F.J., 1 977, 
Doppler  Velocimetry  within  Turbulent  Phase 
Boundaries,  Proc,R,Soc.Lond.A„353.77-85- 

Ikeda,Y.,Nishigaki,M.,Ippommatsu, 
M.,Hosokawa,S.,Nakajima,T.,  1992, Optimum  Seeding 
Particles  for  Successful  LDV  Measurements,6th 
International  Symposium  on  Applications  of  Laser 
Techniques  to  Fluid  Mechanics,32.2J>. 

Dceda,Y.,Nakajima,T.,HosokawatS., 
Matsumoto,R.,1990,A  Compact  fibre  LDV  with  a 
Perforated  Beam  ExpanderMeas.  Sci.and  Tech..l.pp 
260-264 

Nakabe,K.,Mizutani,Y.,Hirao,T.,Tanimura,S., 
1988,Buming  Characteristics  of  Premixed  Sprays  and 
Gas-Liquid  Coburning  Mixtures.Comb.  and  Flame. 
74,pp39-51. 

William  J .A.. 1985. Combustion  Theory  2nd 
Edition.The  Benjamin/  Cummings  Publishing 
Company  .Inc. 


ChigierJl..  1991.  Combustion 
Measurement Jlemisphere  Publishing  Corporation. 

Dugue  J., Weber, R., 1992, Laser  Velocimetry  in 
Semi-industrial  Natural  Gas, Oil  and  Coal  Flames  by 
mean  of  a  Water-cooled  LDV  Probe.  ,Proc.  of  6th 


'9.4.8. 


Session  10. 

Rotating  Machines  II 


DEVELOPMENT  OF  AN  ADVANCED  LDA  TECHNIQUE  FOR  THE 
DETERMINATION  OF  BOUNDARY  LAYER  PROFILES 

ON  A  ROTOR 


Swales,  C..  Rickards,  J.,  Lowson,  M.V.,  Barrett,  R.V. 


Department  of  Aerospace  Engineering,  Bristol  University 
Bristol,  U.K. 


ABSTRACT 


The  structure  of  the  boundary  layer  on  a  rotating 
body  has  to  date  only  been  determined  in  a  qualitative 
manner  and  it  is  only  the  Laser  Doppler  Anemometer 
(LDA)  which  has  been  shown  to  offer  a  sedation  to  this 
problem.  It  is  the  realisation  of  this  potential,  through  a 
series  of  improvements  to  a  Dantec  3D  LDA,  which  is 
described  far  a  model  rotor  operating  in  hover.  The 
principal  improvements  to  the  system  have  been  through 
operation  of  the  system  in  the  more  stringent  cross- 
ooupled  mode  and  through  the  development  of  a  criterion, 
based  on  transit  distance,  by  which  erroneous  data  from 
the  blade  surface  can  be  rejected.  The  blade  height 
position  is  guaranteed  through  ensuring  that  only  when 
light  from  a  small  alignment  laser  passes  down  a  fibre- 
optic  cable  mounted  within  the  leading  edge  is  data 
accepted.  A  series  of  procedures  to  transform  scatter  plots 
of  velocity  against  azimuthal  position  into  three- 
dimensional  boundary  layer  profiles  have  also  been 
derived  These  techniques  mid  procedures,  equally 
applicable  to  all  rotating  bodies,  are  described  in  detail 
and  a  series  of  results  presented. 


INTRODUCTION 


Recent  work  at  Bristol  University  has  employed 
laser  light  sheet  (Ref.l)  and  surface  flow  visualisation 
techniques  to  stndy  the  aerodynamics  of  rotor  blades. 
Himmclskamp  (Ref.2),  among  others,  observed  that 
significantly  higher  lift  coefficients  could  be  maintain^ 
near  the  bob  of  a  rotating  blade  than  on  the  same  blade 


mounted  statically.  The  postulate  is  that  these  higher  lift 
coefficients  are  due  to  strong  spanwise  flows  which  are 
believed  to  exist  within  these  regions  Some  of  the  factors 
influencing  these  spanwise  flows  are  shown  in  Fig.  1  The 
results  confirmed  the  existence  of  these  strong  spanwise 
flows  but  demonstrated  the  need  for  quantitative,  rather 
than  qualitative,  results  to  enable  the  principal 
mechanisms  to  be  fully  understood 

The  LDA  is  the  only  technique  with  the 
potential  to  realise  such  boundary  layer  velocity 
measurements  (the  hot-wire,  though  suitable  for  static 
blades,  was  unsuitable  due  to  its  intrusive  nature).  Initial 
evaluation  of  the  department's  three-component  Dantec 
LDA  further  revealed  this  potential  but  it  was  also 
apparent  that  to  enable  such  complex  measurements  to  be 
performed,  extensive  improvements  to  the  system  would 
be  required  An  extensive  literature  search  revealed  that 
boundary  layer  measurements  had  not  previously  been 
obtained  on  rotor  blades.  In  most  circumstances  the 
principal  difficulty  lay  in  the  'swimping'  of  the  Doppler 
burst,  resulting  from  the  passage  of  the  seeding  through 
the  measurement  volume,  with  the  noise  from  the  blade 
surface.  It  was  with  the  intention  of  reducing  this  noise 
and  hence  obtain  data  within  the  boundary  layer  that  this 
work  was  carried  out. 


EXPERIMENTAL  PROCEDURE 


The  tests  were  performed  within  a  large 
dedicated  area  and  to  further  minimise  any  interference 
effects  long  focal-length  lenses  (1600mm)  were 
employed  Both  the  optic  heads,  mounted  on  a  fully 
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automated  3  axis  Dantec  traverse,  were  linked  by  fibre- 
optic  cable  to  a  5  Watt  argon-ion  Spectra  Physics  laser.  In 
addition  each  optic  head  could  be  rotated  within  its 
respective  gjmbal  mount,  which  in  turn  could  be  swept 
and  dipped  relative  to  the  traverse  mount  to  provide  the 
optimum  optical  configuration.  Two  pairs  of  beams 
(green  and  blue)  are  emitted  from  one  head  (referred  to  as 
the  2D  head)  and  a  third,  violet,  pair  from  the  opposing 
(ID)  head.  As  the  optic  heads  were  able  to  receive  as  well 
as  transmit  light,  both  the  direct  backscatter  and 
simultaneous  off-axis  (cross-coupled)  modes  could  be 
employed.  Processing  was  performed  by  three  Burst 
Spectrum  Analysers  (BSA)  •  a  software  suite  comprised 
routines  for  automated  data  acquisition,  data  processing 
and  graphical  presentation. 

The  beams  were  aligned  to  a  single  point  relative 
to  the  plane  of  rotation  (Fig.2),  and  at  a  known  height, 
and  then  with  the  LDA  acquiring  continuously  a  shaft 
encoder  enabled  the  data  to  be  sorted  into  azimuthal 
position  (Fig  3).  Three  components  of  velocity  were 
determined  simultaneously  and  then  translated  into  an 
orthogonal  set  of  global  U,  V  and  W  velocity  components 
by  a  transformation  matrix.  The  gaps  in  data 
corresponding  to  the  passage  of  the  two  blades  through 
the  measurement  volume,  the  large  disturbance  caused  by 
the  wake,  and  the  undisturbed  region  between  the  passage 
of  the  blades  can  all  clearly  be  noted.  However  no 
boundary  layer  data  could  be  obtained. 

Boundary  layer  studies  on  a  flat  plate  mounted 
within  the  department's  low  turbulence  wind-tunnel 
(Ref.3)  had  shown  that  data  could  be  obtained 
significantly  closer  to  the  surface  if  the  cross-coupled 
mode  of  light  collection  with  its  significantly  smaller 
effective  measurement  volume  war  .  mployed.  However, 
when  operating  in  the  cross-coupred  mode  a  sufficiently 
high  data  rate  could  only  be  guaranteed  by  the  use  of  a 
pin-hole  meter  alignment  technique,  described  in  detail 
in  Rdf  3.  The  method  uses  the  output  of  a  light  dependent 
resistor  mounted  behind  a  20  micron  diameter  pin-hole  to 
determine  the  peak  intensity  position  across  either  a  beam 
or  a  collection  volume  (created  by  passing  light  down  the 
collection  fibres)  (Fig4).  The  principal  advantage  of  the 
technique  is  that  it  is  not  subject  to  the  visual 
interpretation  of  the  images  of  beams  passing  through  an 
objective  lens. 

To  further  minimise  the  effects  of  noise  caused 
by  light  reflected  from  the  surface  as  it  passes  through  the 
measurement  volume,  the  optic  heads  were  configured  to 
minimise  the  grazing  angles  of  the  beams  relative  to  the 
surface.  In  addition  the  Made  was  painted  matt  Mack. 


The  initial  cross-coupled  results  showed  that  to 
achieve  accurate  data  within  the  boundary  layer  both  the 
data  rate  and  the  total  acquisition  time  had  to  be 
consistently  kept  to  a  maximum.  The  former  was 
achieved  through  accurate  alignment,  careful 
optimisation  of  the  processor  parameters,  and  through 
careful  positioning  of  the  seeding  (atomised  Ondina  oil). 
Due  to  the  contraction  of  the  slipstream  the  optimum 
position  was  found  to  vary  with  given  radial  position, 
rotor  speed  and  pitch  angle. 

Optimisation  of  the  processor  settings  was 
necessary  to  achieve  a  balance  between  a  high  data  rate 
and  a  low  level  of  data  'swamping  from  the  blade  surface 
To  encompass  the  large  range  in  velocities  over  the 
azimuth  a  large  bandwidth  span  had  to  be  set.  However  at 
any  given  azimuthal  position  this  bandwidth  is 
significantly  larger  than  the  velocity  range  and  this,  as 
previous  evidence  had  shown,  contributes  to  lower  data 
and  validity  rates  and  with  high  attenuation  levels  can 
contribute  to  erroneous  rms  velocity.  The  photomultiplier 
high  voltage  and  the  processor  gain  had  consequently  to 
be  set  to  the  lowest  possible  values  which  resulted  in  a 
reduced  data  rate. 

As  only  boundary  layer  information  was  required 
most  of  the  data  for  a  given  test  could  be  rejected.  This 
was  achieved  by  only  having  the  BSAs  enabled  for  a 
period  of  time  corresponding  to  twice  the  passage  of  the 
blade  through  the  measuring  volume  (Fig.5). 

The  inherently  flexible  nature  of  the  rotor 
blades,  the  level  of  recirculation  prevalent  within  the  test 
area  and  the  teetered  hid)  all  contributed  to  a  significant 
Made  height  variation  over  the  test  period.  Though  not 
apparent  from  the  scatter  plots  of  velocity  against 
azimuthal  position,  this  problem  would  have  manifested 
itself  in  elongated  and  hence  inaccurate  boundary  layer 
profiles.  The  solution  employed  was  to  use  a  light 
dependent  diode  to  enable  the  BSA  when  the  blade  was  at 
the  correct  height.  This  was  achieved  by  mounting  a  thin 
fibre-optic  cable  within  the  leading  edge  of  the  Made, 
enabling  light  to  pass  along  the  fibre-optic  cable  to  be 
received  by  the  diode  when  the  blade  was  correctly 
positioned  (Fig.2).  A  5  mW  helium-neon  laser,  mounted 
alongside  the  LDA,  was  used  for  this  purpose.  The 
resolution  was  further  improved  by  mounting  the  tip  end 
of  the  fibre-optic  cable  behind  a  pin-hole.  The  result  is  a 
vertical  resolution  of  better  than  0005mm  At  low 
rotational  speeds  and  pitch  angles  the  blade  was  at  the 
required  height  for  80%  of  the  revolutions,  at  the  highest 
speeds  and  pitch  angles  this  proportion  could  reduce  to 
less  than  5%  -  the  requirement  for  longer  acquisition 
times  is  apparent. 
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Even  when  operating  in  the  cross-coupled  mode, 
with  low  laser  power,  a  matt-black  blade  surface  and  low 
attenuation  lewis,  erroneous  data  was  recorded  due  to 
reflections  from  the  surface  as  it  passed  through  the 
measurement  volume  Extracting  the  data  from  the  noise 
was  only  made  possible  through  the  use  of  a  transit  time 
rejection  criterion.  The  concept  of  transit  distance  (or 
effective  measurement  volume  size)  was  introduced  and 
the  value  for  data  a  significant  distance  from  the 
influence  of  the  blade  surface  determined.  It  on 
approaching  the  surface,  the  transit  distance  for  a  given 
particle  (transit  time  x  particle  velocity)  exceeded  this 
value  it  was  rejected  -  evidence  of  the  effectiveness  of  this 
technique  is  shown  in  Fig.6. 

With  these  problems  solved,  a  series  of  tests 
were  configured.  These  comprised  four  rotational  speeds 
(200, 400, 600  and  800  rpm),  three  pitch  angles  (1, 6  and 
11  degrees)  and  two  radial  stations.  With  the  constraints 
imposed  as  defined  above,  the  technique  was  to  record 
sufficient  data  at  a  particular  height  (IS  minutes 
acquisition  time  per  height)  then  traverse  to  a  different 
height  and  repeat  the  exercise.  To  guarantee  sufficient 
resolution,  data  had  to  be  acquired  at  increments  of 
0.1mm  and  to  provide  boundary  layer  data  over  the  whole 
of  the  upper  surface  of  the  blade  ISO  vertical  positions 
were  required.  A  total  acquisition  time  of  37.S  hours  per 
test 


DATA  REDUCTION 


The  results  produced  were  of  velocity  (U 
(chordwise),  V  (spattwise),  and  W  (vertical))  against 
azimuthal  position.  Ultimately  required  were  boundary 
layer  profiles  of  velocities  relative  to  the  surface  The 
required  procedures  formed  an  intricate  part  of  the  data 
acquisition  and  are  consequently  described  in  detail 
(Fig.7atoFig.7f)). 

For  a  given  traverse  position  the  data  file, 
exported  from  Burstware  in  ASCII  format,  was  nnwte  up 
of  three  orthogonal  components  of  velocity  relative  to  the 
traverse.  This  data  contained  the  erroneous  data  due  to 
the  reflections  from  the  blade  surface  passing  through  the 
measurement  volume.  The  first  stage  was  consequently  to 
remove  the  'noise'  by  using  the  transit  distance  criterion 
described  above.  As  with  all  the  stages  the  procedure  was 
to  pass  the  data  file  through  a  Pascal  program. 

The  data  was  then  sorted  into  azimuthal  position 
(obtained  from  knowledge  of  both  the  arrival  time  for 
each  particle  and  the  time  between  encoder  pulses).  The 
mean  velocity  for  each  component  was  then  determined 


for  each  0.1mm  bin  along  this  azimuthal  window 
(Fig.7a).  The  bin  size  was  chosen  as  a  compromise 
between  the  required  azimuthal  resolution  and  the 
number  of  data  points  for  an  accurate  statistical  sample. 

The  ability  to  acquire  measurements  to  within 
0.005mm  of  the  surface,  and  to  distinguish  genuine  data 
from  noise,  has  enabled  the  fore  and  aft  positions  of  the 
blade  surface  to  be  determined  on  passing  through  the 
measuring  volume.  The  procedure  for  the  third  stage  is  to 
process  each  file  in  turn  noting  the  start  and  finish  (fore 
and  aft)  positions  of  the  gap  in  data  corresponding  to  the 
blade  ami  record  these  positions  in  terms  of  azimuthal 
angle  (Fig.  7b).  These  positions,  for  the  whole  range  of 
traverse  heights,  are  then  combined  into  a  single  file,  and 
when  plotted  should  correspond  to  the  known  profile  of 
the  upper  surface  of  the  Gottingen  436  blade.  Any 
discrepancy  between  these  two  profiles  would  result  in 
careful  analysis  of  both  the  data  and  the  previous  stages 
in  processing.  In  most  cases  there  was  found  to  be 
excellent  agreement  between  the  two  and  this 
consequently  gave  confidence  in  the  accuracy  of  the 
profiles. 

Assuming  the  upper  blade  surface  profile  to  have 
been  correctly  defined  a  combined  file  is  then  created  to 
provide  the  orthogonal  U,  V  and  W  mean  velocity 
components  at  all  heights  and  azimuthal  positions 
relative  to  the  blade  surface.  The  position  of  each  bin 
along  the  azimuth  is  then,  from  knowledge  of  the 
distance  of  the  measurement  volume  from  the  centre  of 
rotation,  converted  into  cartesian  coordinates  (Fig. 7c). 

Each  grid  position  is  then  determined  relative  to 
the  trailing  edge  (defined  as  having  coordinates  0,0).  The 
surface  position  is  defined  by  'S’  and  any  position 
corresponding  to  the  blade  passing  through  the 
measuring  volume  is  defined  by  'G\  At  this  stage  the  U 
and  V  velocities  are  converted  from  values  relative  to  the 
LDA  to  values  relative  to  the  blade.  As  the  measurement 
volume  follows  an  arc  (worse  near  the  root  due  to  the 
larger  radius  of  curvature)  rather  than  a  pure  chord-wise 
motion  the  data  must  be  transformed.  This  is  achieved  by 
multiplying  the  data  by  a  transformation  matrix  which 
takes  into  account  the  local  angle  between  the  chord  of 
the  blade  and  the  path  taken  by  the  blade  (Fig.  7c). 

The  mean  velocities  are  now  relative  to  the 
surface.  However  convention  states  that  the  boundary 
layer  profiles  must  be  perpendicular  to  the  surface,  rather 
than  in  this  case  vertical.  For  a  given  chordwise  position, 
the  gradient  between  two  neighbouring  coordinate 
positions  making  up  the  surface  profile  was  determined 
(Fig.7d).  The  equations  for  the  perpendicular  bisector  to 
this  tangent  were  then  calculated.  The  U,  V  and  W 
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velocity  components  have  however  been  determined 
along  orthogonal  axes  and  not  relative  to  the  surface. 
Corresponding  values,  at  intervals  along  these 
perpendiculars,  had  then  to  be  determined  by 
interpolating  from  the  adjacent  velocities  along  the 
chordwise  direction  (Fig.7e). 

Finally  these  velocities  were  converted  into 
values  corresponding  to  a  coordinate  system  aligned  with 
the  tangent  of  the  blade  surface  at  the  chordwise  position 
of  interest  (Fig.7f). 


RESULTS  AND  THEIR  DISCUSSION 


This  work  was  carried  out  with  the  intention  of 
evaluating  suitable  techniques,  rather  than  producing  a 
full  series  of  results.  However  evidence  of  the  success  of 
the  results  for  a  range  of  conditions  is  given  in  Figs. 8  and 
9. 

Several  characteristics  are  worthy  of  comment 
Fig.8  shows  an  intermediate  case  (6°  pitch,  600  rpm) 
with  six  boundary  layer  velocity  profiles  provided  at 
equidistant  positions  along  the  chord.  The  first  profile 
(x/c-0.16)  is  characteristic  of  a  laminar  boundary  layer. 
The  flow  is  nominally  2D,  with  a  boundary  layer 
thickness  of  0.22mm.  As  the  distance  from  the  leading 
edge  increases  the  adverse  pressure  gradient  comes  into 
effect  with  the  slow  moving  air,  nearest  the  surface,  being 
the  most  strongly  affected  and  becoming  retarded. 

As  x/c  reaches  0.5  the  strong  adverse  pressure 
gradient  results  in  a  region  of  reversed  flow  which,  for  a 
2D  static  wing,  is  indicative  of  a  laminar  separation 
bubble.  This  is  due  to  the  laminar  boundary  layer 
separating,  undergoing  transition  and  then  due  to  its 
greater  energy  reattaching  further  downstream  as  a 
turbulent  boundary.  This  appears  to  also  apply  to  the  case 
of  a  rotating  blade.  The  familiar  profile  characteristic  of  a 
turbulent  boundary  layer  can  be  noted  for  the  most  aft 
positions. 

The  results  also  help  to  quantify  the  extent  of  the 
spanwise  flow.  The  strongest  spanwise  flows  are  noted 
within  the  separatum  bubble  with  values  of  up  to  8%  of 
the  chordwise  velocity.  Within  the  turbulent  boundary 
layer  the  spanwise  flow  again  decreases.  The  hypothesis 
is  consequently  that  significant  spanwise  velocities  are 
only  noted  when  the  flow  is  separated  and  is  able  to  be 
influenced  by  a  combination  of  the  spanwise  pressure 
gradient,  the  centripetal  forces,  and  the  Coriolis  effect 
(Fig.1).  Though  the  separation  bubble  is  notoriously 
difficult  to  seed  even  on  static  blades  sufficient  data  was 


still  acquired  for  an  accurate  mean  velocity  to  be 
determined. 

One  further  result  is  provided.  Fig.9  shows  the 
1°  pitch  angle,  800  rpm  case  but  this  time  near  the  tip. 
The  profiles  reveal  that  downstream  of  the  characteristic 
separation  bubble  the  flow  reattaches  as  a  turbulent 
boundary  layer  but  then  separates  prior  to  the  trailing 
edge.  Of  particular  interest,  however,  is  the  spanwise 
component  which,  contrary  to  the  previous  results,  does 
not  show  significant  velocities  within  the  separation 
bubble.  Initial  interpretation  reveals  that  the  small  extent 
of  spanwise  flow  within  the  separation  bubble  is  due  to 
the  tip  vortex  inducing  a  flow  in  the  opposing  direction. 
Again  this  agrees  with  the  flow  visualisation  results. 
Further  analysis  and  interpretation  is  beyond  the  scope  of 
this  paper. 


DISCUSSION  OF  ERRORS 


The  potential  errors  associated  with  these  results 
are  only  briefly  discussed  and  no  quantitative  assessment 
of  them  is  given.  The  errors  are  fundamentally  of  three 
different  forms  and  each  is  discussed  individually  -  an 
appreciation  of  their  combined  effect  is  then  given. 

The  conventional  sources  of  error  associated 
with  LDAs,  and  particular  those  measuring  three 
components  simultaneously,  are  well  known.  Their 
effects  on  these  results  can  however  only  be  estimated. 
The  principal  reason  is  that  contrary  to  other  simpler  tests 
no  comparison  with  theoretical  or  experimental  results 
can  be  made. 

Velocity  biasing  caused  by  the  large  size  of  the 
measurement  volume  relative  to  the  velocity  gradient  has 
beat  minimised  through  the  operation  of  the  system  in 
the  cross-coupled  mode  with  low  attenuation  levels  and 
with  coincidence  filtering.  Due  to  the  nature  of  the  tests 
the  level  of  biasing  of  this  form  which  still  exists  cannot 
be  ascertained.  However,  experience  with  boundary  layer 
measurements  on  a  flat  plate  has  shown  the  effects  of 
velocity  biasing  to  be  minor  when  operating  in  this  mode. 

As  previously  mentioned  every  effort  has  been 
mack  to  maximise  the  number  of  samples  within  each 
azimuthal  bin.  For  all  the  tests  between  50  and  250 
coincident  samples  were  determined  -  a  value  satisfactory 
for  a  given  mean. 

The  other  potential  forms  of  error  associated 
with  the  LDA  measurements,  ie.  through  inaccurate 
calibration  factors,  component  angles  for  the 
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transformation  matrix  etc.  have  been  assumed  to  be 
small. 

The  errors  associated  with  the  rig  are  also  small 
with  the  rotational  speed  of  the  rotor  varying  by  only 
0. 1%.  The  nature  of  the  data  acquisition  assumes  the  flow 
to  be  steady.  Although  the  rotor  site  was  such  as  to 
minimise  the  effects  of  recirculation  it  could  not  be 
entirely  removed.  The  boundary  layer  flow  consequently 
varied  to  some  extent  during  each  cycle  and  yet  the  data 
was  recorded  over  a  large  number  of  revolutions. 
However,  on  analysis  of  the  velocities  within  a  given 
azimuthal  bin,  the  rms  quantity  was  not  significant  This 
indicated  that  the  flow  did  not  vary  as  much  as  had  been 
believed  In  addition  as  data  was  only  recorded  at  one 
particular  Made  height,  and  the  blade  position  is 
primarily  affected  by  the  recirculation,  it  was  assumed 
that  whenever  data  was  recorded  the  effects  of 
recirculation  were  similar  and  consequently  the  boundary 
layer  representative. 

The  third  principal  source  of  error  lies  in  the 
extensive  post-processing  of  this  data  from  azimuthal 
variations  of  velocity  into  three  component  boundary 
layer  velocity  profiles  relative  to  the  surface.  The 
technique  of  distinguishing  between  noise  and  data  had 
been  thoroughly  tested  and  was  found  to  be  very  accurate. 
A  further  test  of  the  accuracy  of  the  method  was  provide 
by  comparison  of  the  calculated  coordinates  of  the  blade 
with  the  actual  coordinates.  This  source  of  error  was 
consequently  assumed  to  be  minimal.  In  addition  it  gave 
confidence  in  the  boundary  layer  data. 

The  anticipated  errors  in  the  determination  of 
the  mean  velocities  at  each  position  within  the  grid 
surrounding  the  blade  were  also  assumed  to  be  small 
provided  that  the  position  of  the  measurement  volume 
relative  to  the  centre  of  rotation  could  be  accurately 
determined.  A  larger  potential  source  of  error  lay  in  the 
determination  of  the  equations  for  the  tangents  and  hence 
the  perpendiculars  to  the  surface.  However  the  principal 
source  of  error  was  believed  to  be  in  the  interpolation 
routine  employed  to  determine  the  actual  velocities  along 
these  perpendiculars.  Future  work  would  benefit  from  an 
improved  interpolation  routine. 

In  conclusion,  it  is  accepted  that  there  are 
several  potential  sources  of  error,  most  of  which  have  not 
as  yet  been  quantified.  The  trends  shown  by  the  boundary 
layer  profiles  are  however  genuine  and  the  techniques 
and  methods  described  can  be  assumed  to  be  of 
significant  use.  The  post-processing  of  the  data  would 
benefit  the  most  from  further  improvement 


CONCLUSIONS 


The  ability  to  operate  a  three-component  LDA  in 
the  cross-coupled  mode  through  the  development  of  an 
enhanced  alignment  technique  has  enabled  unique  3D 
boundary  layer  velocity  profiles  to  be  determined  for  a 
model  helicopter  operating  in  hover  at  speeds  of  up  to 
1000  RPM.  In  addition  data  is  only  accepted  within  tight 
vertical  constraints  and  a  series  of  algorithms  have  been 
realised  by  which  the  genuine  data  is  distinguished  from 
the  erroneous  data  caused  by  reflections  from  the  blade 
surface  and  then  converted  into  velocities  relative  to  the 
blade. 

The  boundary  layer  profiles  reveal  data  to  within 
0.005mm  of  the  surface  on  blades  rotating  at  speeds  of  up 
to  800rpm.  Of  particular  interest  are  the  strong  spanwise 
flows  noted  within  the  laminar  separation  bubble  as  they 
confirm  the  results  previously  obtained  by  flow 
visualisation  methods.  However,  significant  errors  cannot 
be  discounted  and  consequently,  though  they  show  great 
potential,  the  results  should  be  accepted  as  being  only  of  a 
preliminary  nature. 
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Fig.8  Example  3D  Boundary  Layer  Velocity  Profiles  (Inboard,  600RPM, 6  Degrees) 
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THE  INTERACTION  OF  THE  TRAILING  VORTEX  STREAMS  FROM  RUSHTON  TURBINE  BLADES 
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ABSTRACT 

The  trailing  vortex  structure  and  the  impeller  discharge  flows 
generated  in  vessels  stirred  by  both  single  and  dual-Rushton 
turbines  were  investigated  through  angle-resolved  and  time- 
resolved  laser -Doppler  ane  mo  merry  measurements  in  two  tanks 
of  diameter  (T)  100  mm  and  294  mm  with  impellers  of 
diameter  D  =  T/3.  The  effects  of  the  trailing  vortex  structures 
on  the  turbulence  levels  in  the  vessel  and  the  degree  to  which 
the  impeller  discharge  flows  interact  in  the  dual-Rushton 
configuration  are  discussed.  The  results  bom  the  two  vessels 
are  compared  to  assess  scale-up  effects.  The  flow  in  the 
impeller  streams  was  found  to  be  anisotropic,  and  a  cylindrical 
region  was  defined  around  the  impeller  disk  of  height  0.60D 
and  radius  1.0D  for  the  single  impeller,  while  a  similar  region 
was  defined  around  the  centre  of  the  vessel  of  height  1.2  D  and 
radius  1.0  D  for  the  dual-impeller  combination,  within  which 
the  periodicity  of  the  flow  generated  by  the  impellers  was 
contained.  These  findings  have  important  implications  for  CFD 
prediction  methods  which  at  present  are  mostly  based  on  the 
assumption  of  isotropic  turbulence  which  may  lead  to  erroneous 
predictions  in  the  vicinity  of  the  impellers.  In  addition,  the  main 
Dow  features  were  found  to  scale  well  between  the  two  vessels. 
The  results  provide  useful  information  for  process  design. 


1.  INTRODUCTION 

The  flow  structure  around  Rush  ton  turbine  blades  is  very 
complex  due  to  the  formation  of  trailing  vortices  behind  each 
blade,  and  consequently  a  number  of  studies  have  been 
concerned  with  this  type  of  flow  in  vessels  stirred  by  a  single 
impeller  (1  -  6].  Van’t  Riet  and  Smith  [1  -  3)  established  that  a 
trailing  vortex,  shown  schematically  in  Figure  1,  formed  behind 
each  impeller  blade  and  maintained  its  identity  for  two  to  three 
Made  lengths  from  the  point  of  origin.  They  also  reported  that 
turbulence  measurements  made  in  the  impeller  stream  with 
stationary  probes  were  unreliable  since  most  of  the  measured 
turbulence  was  due  to  the  periodicity  of  the  flow,  attributable  to 
the  blade  passages  and  associated  trailing  vortex  structure. 
Yiamwskis  et  al.  [4],  Calabrese  and  Stools  [5]  and  Yianneskis 
and  Whitelaw  [6]  carried  out  detailed  investigations  in  the 
impeller  vicinity  in  vessels  agitated  by  a  single  Rushton  turbine, 
and  documented  the  strong  periodicity  and  anisotropy  which 
exists  in  tins  region,  and  the  associated  trailing  vortex  structure. 

Mahmoudi  and  Yianneskis  (7],  and  Mahmoudi  [8j 
investigated  the  effect  of  varying  the  impeller  spacing  in  dual- 
Rushton  turbine  configurations  and  found  that  three  stable  and 


four  unstable  flow  patterns  were  obtained,  depending  on  the 
clearance  of  the  lower  impeller  from  the  base  of  the  mixing 
vessel  (Cl),  the  separation  between  the  impellers  (C2).  and  the 
submergence  of  the  upper  impeller  (C3).  Of  the  three  stable 
flow  patterns,  merging  flow,  which  occurred  with  a  clearance 
Cl  =  033T  and  separation  C2  =  0.33T,  was  determined  to  be 
the  most  desirable  since  it  produced  the  lowest  mixing  times 
and  power  consumption.  This  configuration  was  termed 
merging  flow  because  the  impeller  streams  were  inclined 
towards  each  other  and  merged  midway  between  the  impellers. 

In  this  investigation  the  trailing  vortex  structures  with  single- 
turbine  and  merging  flow  configurations  are  compared  and  the 
effect  of  vessel  size  is  assessed. 


2.  EXPERIMENTAL  CONFIGURATION  AND 
TECHNIQUES 

In  the  present  study,  a  cylindrical  Perspex  mixing  vessel  of 
diameter  T  =  100  mm,  with  four  0.1  T  wide  baffles  was  used  to 
acquire  angle-  and  time-resolved  LDA  data  for  the  single  and 
dual-Rushton  combinations.  The  cylinder  was  situated  inside  a 
water-filled  Perspex  trough  in  order  to  minimise  refraction  at 
the  cylindrical  surface  and  distilled  water  was  used  as  the 
working  fluid.  A  transparent  Perspex  base  was  incorporated  in 
the  vessel  design  to  permit  maximum  optical  access,  and  the 
vessel  could  be  rotated  about  its  axis  to  enable  measurements  to 
be  performed  in  different  planes.  Angle-resolved  LDA 
measurements  were  also  performed  in  a  T  =  294  mm  diameter 
vessel  for  the  dual-Rushton  configuration  in  order  to  establish 
scaling  effects. 

The  impellers  used  were  six-bladed  Rushton  turbines  of 
diameter  D  =  0.33  T.  A  constant  clearance  Cl  =  0.33  T  was 
employed  between  the  bottom  of  the  mixing  vessel  and  the 
lower  impeller.  A  separation  C2  =  0.33  T  was  used  between  the 
impellers  for  the  double  Rushton  measurements  in  order  to 
provide  the  merging  flow  pattern  described  in  (7)  and  [8j.  The 
liquid  height  in  the  tank  was  H  =  T. 

The  laser-Doppler  anemometer  made  use  of  a  10  mW 
Helium-Neon  laser  and  was  operated  in  the  dual-beam  forward- 
scatter  mode.  The  velocity  components  were  measured  with  the 
beams  entering  either  through  the  side  of  the  tank  or  the 
cylinder  base,  and  a  rotating  diffraction  grating  was  used  to 
implement  a  frequency  shift  on  the  two  first  order  beams.  The 
scattered  light  was  collected  with  a  photomultiplier,  and  the 
Doppler  signals  were  processed  by  means  of  a  frequency 
counter  (TSI  Model  1990)  interfaced  to  a  microcomputer.  The 
impeller  shaft  was  linked  to  an  optical  shaft  encoder  which 
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provided  a  train  of  1999  pulses  and  a  marker  pulse  per 
revolution.  This  permitted  angle-resolved  (a.r.)  measurements  to 
be  performed  over  1*  of  impeller  revolution.  For  the  purpose  of 
these  measurements  the  midpoint  of  one  blade  of  the  lower 
impeller  was  aligned  with  the  shaft  encoder  marker  pulse  and 
the  data  were  obtained  over  a  specified  60*  interval  (between 
two  neighbouring  blades)  during  a  number  of  impeller 
revolutions  and  the  data  were  sorted  into  1*  bins.  For  the  time- 
resolved  measurements  the  frequency  counter  was  set  to 
measure  all  validated  Doppler  signals  which  arrived  within  a 
prescribed  time  interval  (four  impeller  revolutions  for  the  data 
presented). 

The  position  of  the  measuring  volume  was  determined  for 
each  measurement  location  using  an  iterative  computer  program 
and  the  optical  system  was  mounted  on  a  traversing  table  which 
allowed  the  measuring  volume  to  be  positioned  in  the  stirred 
reactor  with  an  accuracy  of  0.05  mm.  All  of  the  measurements 
described  were  performed  in  the  8  =  0*  plane  midway  between 
two  baffles. 

The  measurements  were  conducted  at  a  Reynolds  number  of 
40000,  which  corresponded  to  a  constant  impeller  rotational 
speed  of  N  =  2165  ±  10  r  p  m  (V^p  =  3.77  m/s)  for  the  T  =  100 
mm  vessel,  and  N  =  250  ±  0.5  r  p  m.  (V|jp  -  1-28  m/s)  for  the 
T  =  294  mm  vessel.  The  origin  of  the  co-ordinate  system  used  is 
the  centre  of  the  bottom  of  the  vessel  and  all  positions  are 
described  in  terms  of  axial  (z),  radial  (r).  and  tangential  (6) 
directions.  The  location  of  the  measuring  volume  for  the  angle- 
resolved  measurements  is  expressed  in  terms  of  polar  co¬ 
ordinates  r,  8  with  respect  to  the  blades  calculated  from  the  r,  0 
co-ordinates.  p  =  0*  is  located  at  the  plane  of  die  blade  dp,  and 
the  impellers  rotated  in  a  clockwise  direction  as  viewed  from 
above  the  vessel. 

A  transparent  Perspex  lid  was  located  above  the  liquid 
surface  in  the  small  vessel,  at  a  height  H  =  T,  to  prevent 
entrainment  of  air  bubbles  from  the  free  surface  of  the  liquid, 
and  to  permit  measurements  to  be  performed  in  forward  scatter 
with  the  beams  entering  through  the  base  of  the  vessel.  Two 
minors  were  attached  to  the  upper  surface  of  die  lid,  and  the 
space  above  the  lid  was  filled  with  water  to  ensure  that  the 
mirrors  were  always  submerged.  This  allowed  the  scattered 
light  to  be  re-directed  through  90*  by  the  mirrors  and  collected 
using  the  photomultiplier.  The  effect  of  a  lid  on  the  flow  in  a 
stirred  vessel  has  been  previously  investigated  by  Noun  and 
Whitelaw  [9],  who  conducted  comparisons  between  flows  in 
vessels  with  and  without  lids.  They  concluded  that  the  use  of  a 
lid  only  affects  the  flow  in  die  immediate  vicinity  of  the  lid/free 
surface  and  that  the  flow  velocities  were  almost  identical 
elsewhere  in  the  vessel. 


3.  RESULTS  AND  DISCUSSION 
3.1  Single  Rushton  Turbine  Results 

The  characteristic  flow  features  in  the  T  =  100  mm  vessel 
operating  with  a  single  Rushton  turbine  can  be  seen  from 
velocity  vectors  normalised  by  Vtjp  in  the  p  =  45*  r  -  z  plane 
plotted  in  Figure  2.  The  impeller  discharge  flow  is  directed 
towards  the  vessel  wall  with  a  slight  upward  inclination  (around 
2  -  3*)  to  the  horizontal,  in  agreement  with  the  previously 
reported  results  of  Yianneskis  et  al.  (4).  These  authors  also 
reported  the  formation  of  two  well  defined  ring  vortices  which 


were  almost  symmetrical  above  and  below  the  impeller  disc, 
which  are  indicated  in  part  by  the  vectors  plotted  in  Figure  2. 

3.2  Dual  Rushton  Turbine  Results 

Normalised  velocity  vectors  in  the  9  =  45*  r  -  z  plane,  for  the 
dual-Rushton  configuration  are  shown  in  Figure  3(a)  for  the 
region  around  the  lower  impeller  in  the  T  =  100  mm  vessel. 
These  results  show  a  considerable  change  in  the  direction  of  the 
impeller  discharge  flow  which  is  oriented  at  approximately  45* 
to  the  horizontal  in  comparison  with  the  near-horizontal 
discharge  flow  of  the  single  Rushton  turbine  shown  in  Figure  2. 
Consequently  the  centre  of  the  trailing  vortex  is  located  a.'  a 
higher  elevation,  zfT  =  0.39,  than  with  a  single  Rushton  system. 
These  effects  are  attributable  to  the  influence  of  the  additional 
impeller  which  prevents  the  formation  of  the  two  ring  vortices 
per  impeller  typical  of  a  single  Rushton  turbine  system.  Instead, 
with  this  impeller  separation,  the  discharge  streams  are  inclined 
at  45*  towards  one  another,  and  merge  midway  between  the 
impellers  to  form  two  very  large  ring  vortices  [7, 8].  As  a  result, 
the  strong  downward  flow  near  the  impeller  tip  due  to  die  upper 
ring  vortex  above  the  impeller  disc,  which  can  be  clearly 
identified  in  Figure  2  is  not  present  in  the  dual-Rushton  flow. 

The  structure  of  the  trailing  vortices  and  the  inclination  of 
the  impeller  discharge  flow  in  the  T  =  100  mm  vessel  can  also 
be  assessed  from  the  normalised  contours  of  radial  rms  velocity 
(v’/Vtjp)  in  the  0  =  45*  r  -  z  plane  shown  in  Figure  3(b).  It  can 
be  seen  that  the  regions  of  high  rms  velocity  are  located  very 
close  to  the  impeller  blade  tip,  between  r  =  0.18  T  and  r  =  021 
T.  and  also  that  the  levels  decrease  very  quickly  with  increasing 
radial  distance  from  the  blade  tip,  and  axial  distance  from  the 
impeller  mid  -  section.  The  net  effect  is  that  the  main  influence 
of  the  trailing  vortex  on  the  turbulence  levels  is  found  between 
the  impeller  blade  tip  and  r  =  032  T  radially,  and  the  impeller 
mid-section  and  z  =  0.45  T  axially. 

Contours  of  normalised  kinetic  energy  of  turbulence 
(k/Vtip-)  in  the  z  =  033  T  r  -  8  plane  are  shown  in  Figure  4  and 
the  trailing  vortex  structure  is  again  indicated  by  the  high  value 
contours  originating  behind  the  leading  blade  at  the  lower  edge 
of  the  figure,  and  dissipating  while  spreading  radially  outwards 
towards  the  trailing  Made.  The  region  of  highest  kinetic  energy 
is  located  around  r  =  0.185  T.  at  a  blade  angle  of  approximately 
p  =  30*.  It  can  be  seen  that  the  outer  edge  of  the  region  of  high  k 
extends  to  approximately  r  =  0.28  T,  within  two  blade  lengths  of 
its  origin.  The  remains  of  the  trailing  vortex  from  the  preceding 
blade  can  also  be  seen  in  Figure  4  in  the  region  between  r  = 
0.19  T  and  023  T,  and  from  0  =  0*  to  p  =  11*. 

Typical  traces  of  time-resolved  radial  velocity  variations  for 
the  dual  Rushton  turbine  configuration  in  the  100  mm  diameter 
vessel  arc  shown  in  Figure  5.  Both  Calabrese  and  Stools  [5], 
and  Yianneskis  and  Whitelaw  (6).  showed  that  for  single 
impeller  systems  a  cyclic  variation  of  the  velocity  is  obtained 
with  each  blade  passage  in  the  vicinity  of  the  trailing  vortices. 
The  expected  six  cycles  per  revolution  can  be  clearly  defined  in 
Figure  5(a)  for  r  =  0.17  T.  z  =  033  T.  which  is  located  1  mm 
radially  out  from  the  impeller  tip  at  the  lower  impeller  disk 
elevation.  Comparing  this  distribution  with  Figure  5(b)  for  r  = 
0.25  T,  z  =  0.41  T  (9  mm  radially  out  from  the  impeller  tip  and 
7.66  min  above  the  impeller  disk),  the  dissipation  of  the  trailing 
vortices  expected  from  the  results  of  Figure  3(b)  can  be  clearly 
seen.  Although  cyclic  velocity  fluctuations  are  still  discernible 
in  the  velocity  distributions,  their  magnitude  has  decreased 
significantly.  Figure  5(c)  shows  the  distribution  obtained  even 
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further  from  the  impeller,  at  r  =  0.30  T,  z  =  0.50  T.  which  is  20 
mm  from  the  vessel  wall  and  midway  between  the  two 
impellers.  The  trailing  vortex  structure  has  almost  completely 
dissipated,  and  the  turbulence  is  primarily  nndom  at  this  point. 

33.  Effect  of  Vessel  Size 

Characteristic  r  -  z  plane  angle-resolved  LDA  results  from  the  T 
=  294  mm  diameter  vessel  are  shown  in  Figure  6.  These 
measurements  were  conducted  with  two  Rushton  impellers  at 
the  same  r/T  and  z/T  locations  around  the  lower  impeller  as  the 
corresponding  measurements  in  the  T  =  100  mm  diameter 
vessel.  Studies  in  similar  vessels  have  been  conducted 
previously  by  van  der  Molen  and  van  Maanen  [10]  in  a  vessel 
with  a  lid  agitated  by  a  single  Rushton  impeller.  They  reported 
an  increase  in  dimensionless  (normalised)  velocity  in  the 
trailing  vortex  vicinity  with  increasing  scale  and  concluded  that 
geometric  scaling  of  mixing  equipment  should  be  carried  out 
very  carefully.  The  effect  of  scale  on  the  normalised  rms 
velocities  was  not  reported. 

Normalised  r  -  z  plane  velocity  vectors  are  plotted  in  Figure 
6  (a)  for  a  blade  angle  0  =  45*  behind  the  leading  impeller 
blade.  The  results  are  very  similar  to  those  shown  in  Figure  3(a) 
for  the  T  -  100  mm  vessel,  and  both  the  trailing  vortex 
circulation  and  the  inclination  of  the  strong  impeller  discharge 
flow  at  approximately  45*  to  the  horizontal  can  be  clearly 
identified.  There  is  good  agreement  between  both  sets  of  results 
with  the  centre  of  the  trailing  vortex  being  located  around  z/T  = 
039  in  both  instances  and  the  impeller  stream  is  similar  in  both 
vessels.  Differences  in  the  direction  of  the  impeller  stream  can 
be  observed  in  the  immediate  vicinity  of  the  blade.  However, 
the  flow  fields  are  essentially  similar  for  z/T  >  0.425  and  r/T  > 
035.  The  increase  in  normalised  velocity  with  scale  reported  by 
van  der  Molen  and  van  Maanen  [10]  is  evident  from  Figure  6(a) 
since  some  of  these  vectors  are  slightly  larger-  than  those  in 
Figure  3(a)  for  the  T  =  100  mm  vessel. 

R  -  z  plane  contours  of  normalised  radial  rms  velocity 
(v'/Vtip),  at  the  p  =  45*  blade  angle  are  shown  in  Figure  6(b). 
Comparison  of  this  figure  with  the  corresponding  results 
obtained  in  the  100  mm  vessel  (Figure  3(b))  shows  that  the 
influence  of  the  trailing  vortices  has  dissipated  significantly  by 
r/T  =  031  from  the  centre  of  the  vessel  and  z/T  =  0.12  above 
the  lower  impeller  mid-section.  There  is  some  discrepancy 
between  the  locations  of  the  regions  of  maximum  rms  velocity 
in  the  two  vessels.  The  maximum  value  is  found  at  a  slightly 
higher  elevation  in  the  T  *  294  mm  vessel.  However,  in  general 
the  main  flow  features  such  as  the  trailing  vortex  structure  and 
the  bulk  flow  turbulence  levels  scale  well  between  the  two 
vessels.  Therefore,  these  results  could  prove  useful  for  the 
prediction  of  scaling  effects  in  larger  vessels. 

These  figures  show  that  although  the  two  impeller  streams 
are  directed  towards  each  other  due  to  the  proximity  of  the 
impellers,  the  respective  sets  of  trailing  vortices  from  the  upper 
and  lower  impellers  do  not  actually  interact  with  each  other, 
since  with  this  impeller  separation,  most  of  the  turbulence 
associated  with  the  vortex  structtre  is  dissipated  within  a  region 
bounded  by  r  *  0.31  T  and  z  =  0.45  T.  The  present  results 
support  the  findings  of  Lee  and  Yianneskis  [11]  who  defined  a 
cylindrical  region  of  radius  1.0  D  and  height  13  D  centred  in 
the  middle  of  the  vessel,  within  which  the  majority  of  the  effects 
of  the  flow  periodicity  due  to  the  crossmg  of  the  individual 
impeller  blades  could  be  confined. 

Inside  this  cylindrical  region  where  the  trailing  vortex 
structure  is  dominant,  comparison  of  all  three  turbulent  velocity 


components  have  shown  the  flow  to  be  anisotropic.  This  has 
important  implications  since  many  CFD  prediction  methods  use 
turbulence  models  based  on  the  assumption  of  isotropy  across 
the  entire  velocity  field.  Hence,  these  methods  may  provide 
only  an  approximation  of  the  flow  structure  in  the  impeller 
stream,  and  the  corresponding  predictions  will  be  of  reduced 
accuracy. 


4.  CONCLUDING  REMARKS 

The  results  quantify  in  detail  the  trailing  vortex  structure  in 
single  and  dual-impeller  mixing  vessels  and  provide  useful 
information  to  aid  the  understanding  of  the  fluid  mixing 
processes  and  to  assess  related  CFD  predictions. 

The  turbulence  structure  in  the  impeller  streams  has  been 
shown  to  be  anisotropic  in  the  impeller  discharge  flow.  Hence 
CFD  models  which  use  turbulence  models  based  on  the 
assumption  of  flow  isotropy,  such  as  the  k-c  model,  may  result 
in  erroneous  predictions  in  these  regions. 

It  has  been  shown  that,  although  the  impeller  discharge 
streams  interact  with  each  other  to  form  the  merging  flow 
pattern,  there  is  no  actual  interaction  between  the  trailing  vortex 
structures  since  they  have  dissipated  significantly  by  a  distance 
of  0.12  T  above  and  below  the  respective  impeller  mid-sections. 
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Figure  1.  Three-dimensional  representation  of  a  trailing  vortex. 


Figure  2.  Normalised  velocity  vectors  in  the  9  =  45°  r  -  z  plane  for  the  single-Rushton  impeller  configuration  in  the  T  =  100  mm  vessel. 
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U/Vtip  =  1 


V/V|ip=  I 


Figure  3(a)  Normalised  velocity  vectors  in  the  0  =  45°  r  -  z  plane  for  the  dual-Rushton  impeller  configuration  in  the  T  =  100  mm  vessel. 
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Figure  3(b)  Contours  of  normalised  radial  rms  velocity  in  the  4  -  45°  r  -  z  plane  for  the  dual-Rushton  configuration  in  the  T  =  100  mm 
vessel. 


Figure  4.  Contours  of  normalised  kinetic  energy  of  turbulence  in  the  z  *  033  T  r  -  0  plane  for  the  dual-Rushton  impeller 
configuration  in  the  T  =  100  mm  vessel. 
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ABSTRACT 

The  nowfield  around  hovering  rotor  blades  with  either 
rectangular  or  evolutive  tip  shapes  is  investigated  in  this 
paper.  For  different  blade  tip  geometries  the  measurements 
concern  local  and  overall  aerodynamic  data  sets,  including  : 
the  instantaneous  velocity  field  around  the  blade  and  in  its 
near  wake  and  the  global  thrust  and  power  coefficients.  From 
such  data  sets  the  present  paper  is  focused  on  deriving  an 
original  data  post-processing  method  to  correlate  the  L.V. 
flow  measurements  around  the  blade  with  the  overall  (Cy, 
Cq)  and  local  (C^,  Cq)  airloads  coefficients.  This  new 
method  of  determination  of  the  overall  and  local  airloads 
coefficients  has  been  based  on  the  Kutta  and  momentum 
equation  (K.M.E.)  applied  to  the  velocity  field  (axial  and 
tangential)  measured  along  a  close  contour  surrounding  the 
blade  section  at  a  given  blade  radius.  To  check  the  capability 
of  such  a  method  the  present  paper  offers  a  series  of 
comparisons  on  overall  and  local  aerodynamics  coefficients 
deduced  :  from  (Gp.  Cq)  measurements  performed  by  means 
of  a  rotative  balance,  and  (C^,  Cq)  coefficients  obtained 
either  in  2D  steady  flow  conditions  or  from  the  K.M.E 
applied  to  the  L.V.  flow  measurements  performed  around  the 
blade. 


INTRODUCTION 

The  prediction  of  the  flowfield  and  the  airloads 
repartition  in  the  tip  region  of  helicopter  rotor  blades  play  a 
major  role  for  providing  and  evaluating  improved  rotor 
designs.  Since  the  flow  tip  region  experiences  the  largest 
amplitudes  of  variations  in  the  bound  circulation  and  the 
loading  repartition,  the  adequate  tip  geometry  modifications 
can  lead  to  significant  improvements  in  the  overall  rotor 
performances.  However,  the  accurate  prediction  of  the 
flowfield  generated  by  sharp  evolutive  tip  shapes  still  poses 
some  problems  to  available  numerical  schemes,  and  requires 
additional  research  efforts  using  experimental 
investigations.  This  is  the  motivation  of  the  present 
research. 


I  METHODOLOGY 

I .  I  Rotor  Model  and  Hovering  Tests  Conditions 


The  model-scale  of  rotor  (diameter  :  1.50  m)  is  set  up 
on  the  hovering  test  rig  installed  in  the  testing  hall  of  the 
1MFM  SI -Luminy  wind-tunnel.  The  rotor  hub  is  mounted 
vertically  by  means  of  a  supporting  mast,  so  that  the  center 
of  rotation  is  located  2.90  m  above  the  ground.  The  model- 
rotor  consists  of  a  fully  articuled  rotor  hub  which  can  be 
equipped  with  interchangeable  sets  of  blades  (see  Favier  et  al 
(1987)).  Rotor  geometry  and  hovering  tests  conditions  are 
summarized  in  table  1 . 


Table  I  :  Hovering  Test  Conditions 


Test  conditions 

Rotor  parameters 

Diameter 

1.50  m 

Root  cut  out 

0.22  R 

Angular  rotational  freq. 

143  rd/s 

Rotational  tip  speed 

107  m/s 

Coning  angle 

2.5° 

Number  of  blades 

2-4 

Airfoil  section 

(OA209) 

Blade  chord 

0.05  m 

As  shown  in  Figure  1,  the  different  sets  of  rotor  blades 
tested  are  numbered  from  4  to  7.  and  correspond  to  various 
combinations  of  blade  twist,  airfoil  section  and  tip  shape. 
All  these  different  tip  geometries  are  calculated  so  that  the 
radii  of  the  corresponding  blade  remain  constant  and  equal  to 
R  =  0.75  m.  The  different  tip  geometries  :  swept,  tapered, 
parabolic  and  rectangular  (for  rotors  4,  5.  6.  7)  provide  the 
same  rotor  solidity  (o  =  0.08403  for  b  =  4). 

1 . 2  Measurements  Procedures 

Several  techniques  (see  Figure  2)  suited  for  surveying 
the  flow  around  the  blades  and  the  flow  in  the  near  and  far 
wake  regions,  have  been  developed  including  X-hot  wires 
anemometry.  2D- laser  velocimeter  and  flow  visualizations 
with  image  processing.  Figure  2  also  gives  the  fixed  system 
coordinates  (Oxyz)  used  for  the  flow  velocity  measurements. 
More  detailed  informations  concerning  these  measurement 
techniques  can  be  found  in  Maresca  et  al  (1988),  Nsi  Mba  et 
al  (1988),  only  a  short  description  is  given  here. 

Overall  thrust  and  torque  coefficients  (C-p,  Cq)  are 
measured  by  a  6-components  balance  mounted  on  the  rotor 
hub.  The  3D  wake  velocity  field  is  measured  by  two 
complementary  techniques  :  a  X-hot  wires  probe  and  a  2D 
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(3) 


L.V.  technique  (back-scatter  mode.  Bragg  cells  for  reversed 
flow). 

Tip  vortex  paths  (r.  Z.  y)  are  measured  by  means  of  a 
hot-wires  technique  which  allows  additionally  the 
determination  of  the  far  wake  position  where  the  vortex 
instability  is  fully  developed.  However,  in  order  to 
determine  the  tip  vortex  structure,  its  formation  and  its 
development  very  close  to  the  blade  tip,  a  flow  visualization 
method  has  been  used  in  connection  with  an  image 
processing  technique. 

The  velocity  field  around  the  blade  is  measured  by 
means  of  the  2D  L.V.  technique  providing  the  axial  and 
tangential  velocity  components  along  a  close  contour 
surrounding  the  blade  section  and  as  a  function  of  the  blade 
azimuthal  position  (see  Favier  at  al  (1991)  and  Berton 
(1992)).  A  photograph  of  the  model  rotor  installation  is 
shown  in  Figure  3.  Shown  in  the  foreground  is  the  IMFM 
hover  test  rig  with  the  LV  optics  traversing  device  in  the 
background.  The  overall  and  local  airloads  coefficients  as 
well  as  the  circulation  distribution  along  the  span  are  then 
deduced  from  the  integration  of  these  flow  velocity 
measurements  as  described  below. 
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while  the  application  of  the  Kutta  formula  provides  the 
vertical  component  dFz  as  : 

2  r  2n/b 

dFz  =  pDr  I  [v|vu]dy  (4) 

The  Kutta  equation  formulation  for  dFz  is  more 
attractive  than  that  derived  from  the  momentum  equation  due 
to  the  lack  of  pressure  terms.  The  above  derivations  show 
that  the  elementary  forces  (dFy,  dFz)  acting  on  the  blade 
section  can  thus  be  deduced  from  the  tangential  and  axial 
velocity  components  alone.  The  global  thrust  and  power 
coefficients  (Cj,  Cq)  are  derived  by  integrating  the 
elementary  forces  (dFy,  dFz)  along  the  span  as  : 


1.3  The  K.M.E.  Method 

The  K.M.E.  method  stands  here  for  the  Kutta  and 
momentum  equation  method.  Application  of  the  Kutta  and 
Momentum  Equation  method  in  hover  begins  with  the 
application  of  the  momentum  equation  to  the  general  control 
surface  S  surrounding  the  blade  section  at  a  given  radial 
station  r/R  (see  Berton  et  al  (1993)  and  Silva  el  al  (1993)) : 


T=b 


‘/ 

•'R 

f 

•/ro 


i 


DC 


dFY(Or)dr;CQ=- 
Rq  P»R  Ve 

R1 

1  T 


dFzdr  ;  C-p= 


pjtR  2Ve  ^ 


(5) 

(6) 


9  cFex,ds  =  9  (pq  n).qds 

s  •'s 


(1) 


The  contour  S  is  divided  into  three  contours.  S  =  Ia  + 
Ew  +  E,  where  Zj,  Zw  and  Z  represent  the  contour  enveloping 
the  airfoil  section,  the  near  wake  and  the  external  contour 
around  the  blade  section.  Due  to  the  non  slip  condition  on 

the  airfoil  surface  (q.n  =0).  and  the  continuity  of  pressure 
across  the  wake  sheet  (Pwu  =  Pwj),  the  momentum  equation 
can  be  written  as  : 


^  (P9 
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Local  incidence  a  =  0-0i  can  also  be  determined  from 
the  streamlines  computed  from  the  measured  velocity  field  in 
the  immediate  vicinity  of  the  blade.  The  local  section 
aerodynamic  coefficients  of  lift  and  drag  are  then  obtained 
by  a  simple  transformation  of  the  elementary  forces  (dFy, 
dF^  as : 

dL  =  dFzcos0i  +dFy  sinOi 

CI  =  ‘//y(p[(Qr-Vi)2  +  Wi2].c  ^ 


<D  =  dFy  cos  0i  -  dFz  si  n  0i 


What  remains  is  a  line  integral  about  the  arbitrary 
contour  Z  surrounding  the  blade  section.  As  shown  in  Figure 
4,  selecting  Z  as  a  rectangular  box  ABCD  of  length  2it/b 
(where  b  denotes  the  number  of  blades)  obviates  the  need  10 
include  the  vertical  segments  BC  and  DA  of  the  line  integral 
because  of  cancellation  due  to  flow  periodicity.  Choosing 
this  specific  contour  simplifies  the  momentum  equation  such 
that  the  horizontal  force  component  dFy  acting  on  the  blade 
section  can  be  expressed  in  terms  of  the  axial  and  tangential 
velocity  components  along  the  upper  and  lower  contour 
segments  as  follows: 


1  RESULTS 

In  the  present  experimental  investigation,  both 
overall  and  local  aerodynamic  quantities  of  the  flowfield 
through  the  hovering  rotor  have  been  measured  on 
configurations  of  rotors  4,  5,  6.  7,  for  collective  pitch 
angles  0.  and  number  of  blades  b.  varying  in  the  following 
ranges  :  6°<  0  S10°;  2<  b  <4 

For  the  purpose  of  the  present  paper,  the  following 
experimental  results  will  be  only  focused  on  the  analysis  of 
the  tip  shape  influence  as  deduced  from  measurements 
performed  on  the  two  rotors  4  and  7  (see  Figure  I).  Both 
rotors  are  considered  al  the  same  set  of  operating  parameters 
:  b=4  or  2.  0  =  10°.  OR  =  107  m/s.  and  the  blades  only  differ 
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by  the  tip  geometry,  which  is  rectangular  on  rotor  7  and 
swept  on  rotor  4.  Both  rotors  have  also  very  close  thrust 
coefficient  :  C-p  =  0.00797  for  Rotor  4.  and  C-p  =  0.00766 
for  Rotor  7.  in  a  four-bladed  configuration. 

2. 1 .  Axial  and  Tangential  Velocity  Field  Around  the  Blade 

As  previously  mentionned,  the  tangential  velocity 
field  around  the  blade  is  determined  by  means  of  velocimetry 
laser  measurements  performed  at  two  fixed  points  (u  and  1)  on 
the  upper  and  lower  side  of  the  blade  section.  In  order  to 
validate  the  L.V.  measurement  method  and  to  determine  the 
adequate  dimension  Zj;  of  the  contour  surrounding  the  blade 
airfoil  section,  an  optimization  of  the  contour  thickness  has 
been  firstly  performed.  Different  contour  thicknesses 
corresponding  to  different  distances  varying  from  Z  =  -10 
mm  to  Z  =  0  on  the  upper  side,  and  from  Z  =  0  to  Z  =  10  mm 
on  the  lower  side,  have  been  define,  as  shown  in  Figure  S. 
Along  these  Zj-lines  the  axial  and  tangential  velocity 

components  have  been  measured  as  a  function  of  y  and  thus 
as  a  function  of  the  distances  to  the  blade. 

Figures  6  and  7  show  an  example  of  the  Wu  =  Wu(y) 
and  W|  =  W|(y)  axial  velocity  component  obtained  as  a 
function  of  Zj  on  the  upper  side  (Zj;  £  0  in  Figure  S)  and  on 
the  lower  side  (Zj  £  0  in  the  Figure  5).  The  velocity  profiles 
indicated  an  increase  in  the  amplitude  as  the  distance  Zj;  to 
the  blade  decreases. 

In  order  to  deduce  the  local  aerodynamic  incidence,  a. 
the  velocity  field  must  be  mapped  in  sufficient  detail  to 
compute  the  streamlines  around  the  blade  section.  An 
example  of  the  flowfield  scannerized  by  the  L.V.. technique  is 
provided  by  Figure  8  which  shows  a  composite  of  the  axial 
and  tangential  velocity  measurements  made  at  r/R  =  .75. 
From  such  instantaneous  flow  scanning  around  different 
spanwise  stations,  the  streamlines  and  the  local 
aerodynamic  incidence  are  obtained  as  exemplified  in  Figure 
9. 

When  integrating  the  W  and  V  velocity  profiles,  the 
(dFy  dFz)  forces  deduced  from  equations  (3)  and  (4)  are 

plotted  versus  Zj  in  Figure  10.  The  results  in  Figure  10 
indicate  that  the  dimension  of  the  contour  of  integration  has 
to  be  selected  so  that  I  Zj  I  <25  mm  (i.e.  nearly  half  a 
chord),  to  get  consistent  values  on  the  elementary  forces  dFy 
and  dFz.  Thus  a  contour  thickness  of  I  Zz  I  =  15mm  has  been 
selected  for  all  the  present  tests. 

2.2.  Local  Airloads  and  Integrated  Global  Performance 

Using  such  an  optimal  contour  thickness  the  L.V 
measurements  have  been  performed  all  along  the  blade  span, 
and  Figure  1 1  gives  the  evolution  of  the  elementary  force 
dFy  plotted  versus  the  blade  span  as  deduced  from  the 
integration  of  the  velocity  profiles  (equations  (3)  and  (5)). 
The  results  indicate  that  the  Cq  coefficient  value  deduced 
from  the  6-components  balance  is  very  close  to  those 
deduced  from  the  L-V  flow  measurements  and  from  the 
application  of  the  K.M.E.  method.  In  the  same  way  similar 
results  and  conclusions  are  also  obtained  in  Figure  1 1 


concerning  the  Op  coefficient  (equations  (4)  and  (6)).  In  this 
case  the  difference  between  ihe  thrust  coefficient  deduced 
from  (he  K.M.E.  method  and  ihe  thrust  coefficient  obtained 
by  means  of  the  6-components  balance  is  less  than  1%. 

Figure  12  illustrates  another  application  of  the  K.M.E. 
method  on  the  swept  rotor  4.  In  this  case,  the  power 
coefficient  deduced  from  the  momentum  equation  is  equal  to 
0.000707  and  the  power  coefficient  measured  by  the  balance 
is  0.000720.  The  difference  between  the  two  values  is  also 
less  than  2%.  Note  also  a  difference  less  than  1%  between 
the  thrust  coefficient  deduced  from  the  K.M.E.  method  and 
the  ihrust  coefficient  obtained  by  means  of  the  6- 
components  balance. 

A  last  example  of  the  capability  of  the  measurement 
method  is  given  in  Figure  1 3.  concerning  the  rotor  7  at  b  =  4 
and  0  =  10°.  The  Figure  gives  a  comparison  between  the 
OA209  coefficients  2D-table  and  the  lift  and  drag 
coefficients  (Cl  and  Cq)  as  deduced  from  the  application  of 
the  K.M.E.  and  from  the  determination  of  the  the  streamlines 
and  from  the  corresponding  local  aerodynamic  incidence 
(equations  (8)  and  (9)).  The  distributions  of  the  lift  and  drag 
coefficients  deduced  from  the  iwo  determination  procedures 
are  shown  to  be  in  good  agreement  along  the  blade  span  r/R. 


CONCLUSIONS 

In  the  present  study,  an  experimental  approach  has 
been  derived  to  investigate  the  fine  structure  of  the  flowfield 
around  hovering  rotor  blades.  An  original  method  to 
correlate  the  flow  measurement  around  the  blade  with  the 
overall  and  local  airloads  coefficients  has  been  also 
presented  in  this  paper. 

This  new  method  of  determination  of  the  overall  and 
local  airloads  coefficients  has  been  based  on  the  Kutta  and 
momentum  equation  applied  to  the  velocity  field  measured 
along  a  close  contour  surrounding  the  blade  section  at  a 
given  blade  radius. 

The  capability  of  such  a  method  has  been  checked  from 
a  series  of  comparisons  on  overall  and  local  aerodynamics 
coefficients  deduced  :  either  from  (Op,  Cq)  measurements 
performed  by  means  of  a  relative  balance,  and  (Cp.  Cq) 
coefficients  obtained  in  2D  steady  flow  conditions,  or  from 
the  K.M.E  method  applied  to  the  flow  measurements 
performed  around  the  blade. 
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NOMENCLATURE 

b  number  of  blades  (b=2  <>u  4) 
c  constant  blade  chord.  <c=0.05  m) 

C-p  roior  thrust  coefficieni 

Cq  rotor  power  coefficieni 

T  blade  circulation  along  the  span,  (m^/s) 

Oxyz  relcrence  system  defined  in  Fig.  2 

0  collective  pitch  angle  at  r/R=0.75.  (deg) 
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0V  blade  twist  law,  (deg) 

r  radial  distance  from  rotation  axis,  (m) 

R  rotor  blade  radius,  (R=0.75  m) 

Ro  root  cut  out,  (Ro=0.22R) 

O  rotor  solidity  (o=bc/JtR) 

T.Q  rotor  thrust  and  torque,  (N,  N.m) 

u.  I  upper  and  lower  side  of  the  blade  sections 

V,W  tangential  and  axial  velocities 

Vc  rotational  tip  speed,  (Ve=(oR=107  m/s) 

b),  Q  angular  frequency.  (0)=143  rad/s) 

y,  yp  blade  azimuth,  (deg) 
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Fig.  I.  Rotor  blades  definition. 
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Fig.  1 1  Blade  span  evolution  of  the  elementary  forces 
(rotor  7.  b  =  4.  0  =  10°). 


Fig.  1 2.  Blade  span  evolution  of  the  elementary  forces 
(rotor  4,  b  =  4.  0  =  10°). 
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Fig.  13.  Comparison  on  (CL.  CD)  deduced  from  L.V. 
measurement  and  OA209  2D-table 
(rotor  7.  b  =  4.  6  =  10°) 
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ABSTRACT 

An  experimental  blade-vortex  interaction  (BV1)  study  was 
conducted  using  particle  image  velocimetry  in  the  PTV  mode. 
The  vortex  was  generated  by  a  double  aerofoil  spoiler  and 
interacted  with  a  spinning  rotor  in  a  wind  tunnel.  Results  show 
the  effectiveness  of  PIV  in  both  measurement  and  visualisation 
of  complex  flows. 

I  INTRODUCTION 

The  passage  of  a  trailing  tip  vortex  through  a  moving 
rotorcnft  blade  leads  to  significant  noise  and  vihration  in  rotor 
craft  (Scheunanand  Lodi  (1963).  Brotherhood  and  Riley 
(1978),  Schmitz  et  a]  (1978)).  The  need  to  reduce  these 
undesirable  effects  requires  that  the  rotorcraft  designer  has  a 
clear  understanding  of  the  fluid  dynamics  underlying  the 
phenomenon  of  blade-vortex  interaction.  Experimental  studies 
by  Surendraiah  ( 1969)  established  a  methodology  where  an 
upstream  wing  tip  was  used  to  generate  a  vortex  that  interacted 
with  a  downstream  rotor.  This  work,  and  other  studies  re¬ 
viewed  by  the  authors  elsewhere  (Horner  et  al  ( 1993),  ( 1994)), 
demonstrates  many  of  the  gross  features  of  the  blade-vortex 
interaction,  including  the  development  and  collapse  of  a  large 
leading  edge  suction  peak,  and  the  associated  build  up  and 
reversal  of  the  normal  force. 

Previous  experimental  BVI  studies  have  yielded  detailed  and 
informative  pictures  of  the  blade  performance  in  terms  of 
pressure  distributions.  The  centrally  important  convective 
disturbance  and  development  and  collapse  of  the  large  leading 
edge  suction  peak,  produced  by  the  passage  of  the  trailing  tip 
vortex  has.  until  the  present  work,  remained  a  feature  identified 
in  time  domain  pressure  records. 

The  objective  of  the  present  study  was  to  provide  flow  field 
information  to  complement  the  existing  database  of  pressure 
measurements.  Earlier  studies  (Ziada  (1992))  used  both 
hydrogen  bubble  and  dye  injection  methods  to  observe  the  BVI 
effect.  The  formation  of  secondary  vortices  and  the  convective 
trajectories  of  the  vortices  were  observed.  The  significance  of 


this  work  was  limited,  however,  by  the  low  Reynolds  numbers 
and  the  lack  of  a  trailing  edge  on  the  blade. 

2  EXPERIMENTAL  METHODS. 

In  the  present  study,  the  effects  of  the  passage  of  the  vortex 
were  examined  in  an  experimental  set-up  similar  to  that 
developed  by  Surendraiah  (Figure  1).  An  upstream  vortex 
generator  produced  a  vortex  which  interacted  with  a  down¬ 
stream  rotor.  Flow  visualisation  information  and  velocimetry 
data  were  obtained  during  interactions  through  the  use  of 
particle  image  velocimetry.  The  data  was  obtained  under  the 
same  conditions  as  in  previous  studies  by  the  authors  in  which 
surface  pressure  data  were  recorded  (Homer  et  al  (1991)).  This 
allowed  a  direct  comparison  of  the  two  data  sets,  and  for 
validation  of  the  flow  inferences  made  from  the  surface 
pressure  measurements. 

The  experiments  described  here  were  conducted  in  a 
collaborative  study  between  the  University  of  Glasgow  and 
Heriot-Watt  University.  The  tests  were  carried  out  in  the 
"Handley-Page”  wind  tunnel  (UG)  using  Heriot-Watt  PIV 
facilities.  The  development  and  application  of  the  PIV  method 
in  engineering  applications  is  well  described  by  the  authors  and 
elsewhere  (Grant  (1994).  Grant  and  Smith  (1988)). 

The  aluminium  rotor  blade  had  a  NACA001S  aerofoil 
section,  with  a  0.1 49  m  chord  and  a  0.9426  m  radius.  The 
vortex  generator  comprised  of  two  adjoining  NACA  0015 
aerofoil  sections  spanning  the  height  of  the  test  section  2. 1  rotor 
radii  upstream  of  the  rotor  hub.  During  the  test  sequence 
conducted  in  the  1.61  x  2.13  m  octagonal  test  section,  the 
tunnel  speed  was  47.0  m/s  while  that  of  the  rotor  tip  was  59.25 
m/s.  The  vortex  strength  was  controlled  by  setting  the  two 
sections  of  the  vortex  generator  at  equal  but  opposite  incidence. 
The  horizontal  position  of  the  vortex  generator  (Zv)  was  altered 
to  control  the  angle  of  intersection  between  the  interaction 
vortex  and  the  blade,  resulting  in  either  a  nominally  parallel  or 
oblique  BVI.  The  vertical  position  of  the  aerofoil  junction  on 
the  vortex  generator  (Yv)  was  varied  to  allow  an  examination  of 
interactions  for  different  blade-vortex  separation  heights 


10.4.1. 


Particle  Image  Velocimetry  data  was  collected  in  one  of  two 
planes  oriented  perpendicularly  to  the  tunnel  free  stream,  one 
plane  at  0.78  rotor  radii  upstream  of  the  rotor  huh.  and  the 
second  at  0.94  rotor  radii. 

Flows  were  examined  in  nine  different  combinations  of 
interaction  geometry  and  measurement  position,  so  allowing  a 
comparison  of  data  collected  during  parallel  and  oblique 
interactions,  near  the  tip,  inboard  and  for  several  different 
interaction  heights. 

Particle  Image  Velocimetry  data  was  collected  in  the 
measurement  plane  by  photographing  the  seeding  particles, 
illuminated  by  a  pulsed  sheet  of  laser  light.  A  35  mm  camera 
(Nikon  F801 )  was  mounted  below  the  rotor  hub.  facing 
upstream.  Images  were  collected  on  Kodak  Recording  Film 
2475  using  a  55  mm  flat  Field  lens.  The  camera  mount  was 
constructed  of  49  mm  box  section  mild  steel,  attached  directly 
to  the  floor  of  the  wind  tunnel  bay,  thus  isolated  from  the 
vibration  of  the  tunnel  and  rotor  system.  A  faring  covering  the 
camera  mount  and  the  lower  half  of  the  rotor  shaft  was  also 
employed  to  shield  the  camera  mount  from  any  aerodynamic 
buffeting.  An  accelerometer  attached  to  the  top  of  the  camera 
mount  indicated  that  errors  in  velocity  measurement  due  to 
camera  vibration  were  less  than  0.3%  of  full  span 

A  Lumonics  HLS4  ruby  laser  was  used  to  produce  a  light 
sheet  using  a  suitable  lens  configuration.  The  laser  was  triple 
pulsed  to  give  three  images  of  each  seed  particle  on  the 
photographic  film,  thus  allowing  later  calculation  of  local 
velocities  in  the  vicinity  of  each  particle.  Laser  pulses  were 
typically  separated  by  60  to  80  ms.  with  each  individual  pulse 
having  an  energy  of  approximately  1.5  J.  If  required,  direc¬ 
tional  ambiguity  was  addressed  in  a  select  number  of  tests  by 
setting  the  first  inter-pulse  interval  longer  than  the  second.  This 
procedure  results  in  unequally  spaced  3  spot  patterns  which 
could  be  used  to  derive  flow  direction. 

Image  processing  was  carried  out  in  the  Fluid  Loading  and 
Instrumentation  Centre  at  Hcriot-Watt  University  in  Edinburgh. 
The  images  were  analysed  using  statistical  windowing  proce¬ 
dures  suitable  for  low  image  density  PTV  type  images  (Grant 
and  Liu  (1989)).  In  the  present  tests  correction  for  the  apparent 
in-plane  motion  due  to  the  through  plane  motion  of  the  particles 
was  made. 

12  or  mare  images  were  recorded  of  each  azimuthal  position 
and  relative  positions  of  the  blade  and  vortex  in  each  of  the 
twelve  images  were  then  determined.  The  most  suitable  or 
representative  of  the  set  was  then  chosen  for  processing.  Under 
some  conditions  the  interaction  vortex  passed  above  the 
aerofoil  and  so  out  of  the  camera's  view.  In  these  cases  a 
second  camera,  mounted  above  the  rotor  hub,  and  operating 
simultaneously  with  the  lower  camera,  was  used  Data  from  the 
upper  camera  simply  documented  the  overhead  position  of  the 
as  an  aid  in  selecting  the  lower  camera  image  representa¬ 
tive  of  flows  beneath  the  blade.  The  upper  camera  was  not  used 
for  collecting  velocimetry  data. 


3  RESULTS 

Flow  field  velocimetry  data  were  collected  about  the 
aerofoil  during  interaction  with  a  flee  vortex.  These  data 
documented  many  of  the  flow  features  observed  in  the  previous 
studies  discussed  above.  In  addition,  however,  the  velocimetry 
data  quantified  the  spatial  flow  direction  and  magnitude 
together  with  an  assessment  of  the  temporal  flow  development 
The  data  does  not  include  the  component  associated  with  blade 
movement. 

The  lack  of  data  in  the  vortex  core  is  a  consequence  of  the 
gradual  evacuation  of  the  seeding  particles  due  to  the  strong 
radial  accelerations.  Typical  circumferential  velocities  of  the 
vortex  range  from  25  m.s  '  close  to  (he  core  down  to  6  m.s  *  in 
the  near  field. 

Figures  2a  to  2f  present  PIV  data  collected  during  a  blade- 
vortex  interaction.  During  this  interaction  the  vortex  was 
nominally  positioned  0.2  chords  below  the  tunnel  centre  line, 
resulting  in  a  parallel  interaction.  The  velocity  measurements 
are  presented  in  the  tunnel  frame  of  reference,  with  the  blade 
moving  from  left  to  right  at  approximately  47  m/s.  The  origin 
of  the  co-ordinate  system  is  the  blade  leading  edge.  Fig.  2a 
depicts  the  flows  pattern  as  the  rotor  reaches  the  168  azimuth 
and  the  vortex  0.6  chords  ahead  of  the  blade's  leading  edge.  It 
is  clear  that  the  advancing  blade  is  entering  a  region  of  strong 
upwash  in  which  the  combination  of  this  and  the  Made  forward 
motion  produce  a  leading  edge  incidence  approaching  18*. 

In  Figure  2b  the  rotor  has  reached  the  172*  azimuth,  and  the 
vortex  is  only  0.3  chords  ahead  of  the  aerofoil  producing  an 
incidence  greater  than  30  .  Notice  the  "arched”  appearance  of 
the  flow  on  the  upper  surface.  At  176*  azimuth  (Fig.  2c)  the 
leading  edge  is  just  above  the  vortex  core,  and  the  incidence  is 
now  dropping  rapidly  below  zero. 

Fig  2d  characterises  flows  generated  as  the  rotor  passes 
through  an  azimuth  of  181*  .  In  this  image  the  vortex  is  evident 
below  (be  mid  chord  and  the  leading  edgv  is  now  past  the 
region  of  strongest  vortex-induced  downwash.  Pressure  data, 
taken  under  the  same  conditions  as  the  PIV  data  of  Fig.  2d  is 
included  in  Fig.  3  for  comparison.  This  data  was  collected  in 
previous  investigations  in  the  University  of  Glasgow  BV1 
facility  that  utilised  pressure  instrumentation  to  provide  time 
dependent  pressure  profiles  about  the  rotor  Made  at  a  variety  of 
spanwise  positions  .  Across  the  chord  the  lower  surface 
pressure  is  less  than  that  of  the  upper  surface,  hut  the  pressures 
measured  in  regions  directly  above  the  vortex  are  evidently 
enhanced  slightly,  presumably  due  to  the  flow  retardation 
effected  by  the  vortex  in  this  area. 

At  an  azimuth  of  187*  (Fig.  2e)  the  vortex  is  below  the 
bailing  edge  and  finally,  in  Fig.  2f  the  blade  leaves  a  distorted 
vortex  behind  in  the  wake.  In  this  last  figure  an  area  of 
vorticily  is  evident  aft  and  slightly  above  the  interaction  vortex. 
Similar  vortical  structures  are  evident  in  many  PfV  data 
collected  in  the  distant  wake  and  they  appear  to  drift  towards 
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the  right  with  increasing  azimuth.  This  additional  vortex 
element  may  originate  as  a  tip  vortex  or  shed  vorticity  from  the 
earlier  interaction. 

Figure  4  presents  data  from  a  “head-on”  parallel  interaction 
in  which  Yv/c=0  0  and  Zv/c=0.0.  These  data  illustrate  the  rotor 
blade  at  187*  azimuth  as  it  cuts  through  the  interaction  vortex. 
The  upper  vortex  fragment  is  just  above  the  trailing  edge,  and  is 
accompanied  by  a  small  secondary  vortex  that  is  positioned 
below  and  just  aft  of  the  primary  fragment.  This  secondary 
vortex  was  generated  as  the  interaction  vortex  approached  the 
leading  edge,  and  preceded  the  upper  vortex  fragment  in  its 
traverse  of  the  upper  surface.  The  initiation  of  such  a  second¬ 
ary  vortex  is  consistent  with  the  results  of  previous  studies. 

The  lower  surface  vortex  fragment  has  been  deformed  and 
stretched  to  such  an  extent  that  its  vorticity  is  spread  from  the 
leading  to  the  trailing  edge  of  the  aerofoil. 

4  DISCUSSION 

A  preliminary  set  of  results  from  a  blade-vortex  interaction 
investigation  has  been  presented.  Baseline  vortex  flows  have 
been  captured  utilizing  particle  image  velocimetry  so  docu¬ 
menting  this  evolution.  Both  the  deformation  and  division  of 
the  interaction  vortex  has  been  observed. 

Typical  unprocessed  PTV  data  are  presented  in  Figures  2a  to 
2f  and  Fig  5  .  Figure  S  captures  the  motion  of  the  seeding 
particles  during  a  parallel  interaction  in  which  the  interaction 
vortex  was  positioned  0.2  chord  lengths  below  the  rotor  blade. 
In  this  case,  seed  particles  and  the  rotor  blade  have  been 
illuminated  by  a  triple  pulse  of  the  laser  sheet 

The  isolated  interaction  vortex  velocity  distribution  is  given 
in  Fig.  6  and  corresponds  to  the  data  of  Fig.  S.  In  Fig.  6a  all  of 
the  velocity  data  from  Fig  5  are  plotted,  giving  an  overview  of 
the  vortex  which  has  a  peak  in  tangential  velocity  near  a  radius 
of  23  mm.  indicating  a  vortex  core  with  a  radius  17%  of  the 
chord  length  of  the  blade.  Beyond  the  25  mm  radius  the 
tangential  velocity  is  seen  to  decrease.  The  obvious  scatter  is 
indicative  of  the  variation  in  the  tangential  velocities  recorded 
at  any  given  radial  station.  It  Is  not  clear,  however,  whether  this 
reflects  any  large  scale  asymmetry  in  the  vortex  or  simply 
significant  turbulence  in  the  observed  flows. 

Figure  6b  presents  a  subset  of  these  data  in  that  it  shows  the 
velocity  distributions  taken  from  those  points  of  Fig.  5  that  lie 
within  10  mm  of  a  line  emanating  straight  to  the  right  of  the 
vortex  centre,  effectively  simulating  a  traverse  of  the  vortex 
velocity  Field.  In  this  form  the  data  is  less  scattered,  hut  still 
shows  considerable  variation,  suggesting  that  much  of  the 
scatter  of  Fig.  6a  is  due  to  turbulent  fluctuations  in  the  velocity 
of  vortex  flows. 

Figure  6b  also  compares  the  data  from  this  "traverse"  with 
that  expected  for  an  ideal  potential  flow  vortex  with  a  circula¬ 
tion  of  5  mVs.  This  comparison  highlights  the  deviation  of  the 
experimental  data  from  the  expected  "1/f"  curve.  It  would 


appear  that  the  vorticity  about  the  vortex  centre  spills  over  into 
regions  outside  the  vortex  “core",  so  that  the  total  circulation  is 
still  increasing  with  radius  out  to  50  or  60  mm 

As  indicated  in  Fig.  2d.  previous  investigations  in  the 
University  of  Glasgow  BVI  facility  have  utilized  pressure 
instrumentation  to  provide  pressure  profiles  measured  about  the 
rotor  blade.  Such  pressure  data  were  also  integrated  about  the 
blade  chord  to  document  force  and  moment  histories  An 
example  of  these  is  presented  in  Fig  7.  The  upper  plot  is  the 
normal  force  data,  the  middle  plot  is  moment  data,  and  the 
lower  plot  is  the  tangential  force  data.  The  data  in  these  plots 
were  collected  under  the  same  conditions  as  the  data  of  Fig.  2: 
Yv/c  =  -0.2.  Zv/c  =  0.0.  vortex  generator  sections  at  an 
incidence  of  12.5  .  and  data  collected  at  the  78.5%  span 
location. 

Six  timing  lines  have  been  added  to  indicate  the  position  of 
the  corresponding  data  presented  in  Fig.  2.  The  first  line,  near 
Xv/c  =  -0.55.  corresponding  to  Fig.  2a,  indicates  that  the  flow  is 
causing  a  near  maximum  value  in  Cn.  presumably  due  to  the 
increased  effective  blade  incidence.  The  moment  coefficient 
maintains  a  steady  value  of  about  0.02,  whilst  the  thrust  is 
rising,  reflecting  the  large  velocities  about  the  blade  leading 
edge. 

When  the  interaction  has  progressed  as  far  as  the  second 
timing  line  (Fig.  2b)  the  normal  force  has  passed  its  maximum 
and  is  falling.  Figure  2b  suggests  that,  although  the  incidence 
is  still  increasing,  the  velocities  about  the  blade  leading  edge 
have  dropped,  reflecting  the  local  increased  upwind  component 
of  the  vortex  induced  velocities.  The  moment  remains  positive, 
but  exhibits  a  dip  as  the  vortex  lends  larger  velocities  below  the 
blade  leading  edge  than  those  above  The  forward  force  has 
passed  its  peak,  but  the  high  lower  surface  velocities  still  result 
in  strong  forward  forces. 

The  third  timing  line,  near  Xv/c  =  0.12  corresponds  with  the 
data  of  Fig  .  2c.  which  indicates  that  the  effective  incidence  has 
fallen  through  zero,  and  the  upper  surface  flows  have  slowed 
more  than  those  of  the  lower  surface.  The  result  is  a  negative 
and  declining  value  of  Cn.  The  moment  has  risen  slightly,  as 
the  lower  surface  flows  in  the  aft  portion  of  the  aerofoil  outpace 
their  upper  surface  counterparts.  Ct  is  almost  zero  as  leading 
edge  flows  stagnate  under  the  upstream  influence  of  the  vortex. 

The  fourth  liming  line,  near  Xv/c  =  0.6.  corresponds  with  the 
data  in  Fi  g.  2d.  in  which  the  vortex  is  situated  below  the  mid 
chord.  The  angle  of  attack  is  negative,  and  a  strong  shear  is 
evident  across  the  wake.  Cn  has  reached  its  minimum  value, 
indicating  that  despite  the  evident  retardation  of  lower  surface 
flows  the  negative  incidence  is  producing  a  strong  region  of 
suction  at  the  leading  edge.  This  effect  is  also  evident  in  the 
Cm  history,  which  is  ai  this  point  beginning  a  substantial  drop 
towards  negative  values,  as  the  stagnating  vortex  flows  convect 
farther  aft.  Ct  starts  to  recover  from  the  dip  at  the  previous 
timing  line,  as  leading  edge  escapes  from  the  influence  of  the 
vortex,  and  the  corresponding  reductions  in  velocities  past  the 
leading  edge. 
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The  fifth  tuning  line,  near  Xv/c  =  1. 1.  corresponds  with  Fig 
2e,  in  which  the  vortex  is  evident  below  the  trailing  edge, 
where  it  results  in  strong  flow  retardation.  The  result  is  obvious 
in  the  Cm  curve,  where  a  large  drop  in  Cm  to  a  minimum  value 
follows  from  the  higher  pressures  under  the  trailing  edge, 
associated  with  the  flow  retardation.  Cn  exhibits  a  brief  surge 
at  this  point,  presumably  reflecting  the  gradual  lessening  of 
vortex  influence  on  leading  edge  incidence,  and  the  higher 
pressures  on  the  aft  lower  surface.  The  reduction  in  velocities 
in  the  aft  portions  of  the  aerofoil  also  push  the  thrust  force  back 
towards  a  local  maximum. 

The  sixth  and  final  timing  line,  near  Xv/c  =  1.6.  corresponds 
with  Fig.  2e.  in  which  the  vortex  is  well  aft  of  the  trailing  edge, 
and  the  influence  of  all  vortex  flows  is  lessening.  This  is 
reflected  in  the  convergence  of  all  integrated  coefficients 
towards  zero. 


5  CONCLUSIONS. 

The  particle  image  velocimetry  data  collected  in  this  study 
was  found  to  correspond  well  with  the  pressure  data  collected 
in  earlier  investigations.  Maxima  and  minima  in  all  the 
integrated  force  and  moment  histories  have  been  explained  in 
terms  of  the  PTV  images  reduced  to  velocity  field  data. 

Vortex  flows,  both  before  and  during  interactions  have  been 
examined.  Vorticity  was  evident  further  outside  of  the  nominal 
vortex  cor  than  was  previously  anticipated.  During  interac¬ 
tions  in  which  the  vortex  passed  below  the  blade,  the  deforma¬ 
tion  of  the  vortex  was  found  small  until  the  vortex  passed  the 
trailing  edge.  During  head-on  interaction  the  blade  was  found 
to  split  the  vortex  into  two  fragments.  The  lower  fragment  was 
seen  to  distort  and  spread  across  the  lower  aerofoil  surface, 
while  the  upper  fragment  was  only  slightly  distorted.  A 
secondary  vortex  was  found  to  form  on  the  downstream  edge  of 
the  upper  vortex  fragment 

Particle  image  velocimetry  was  found  to  provide  an 
excellent  method  to  document  the  complicated  temporal  and 
spatial  evolution  of  flows  generated  during  blade- vortex 
interaction. 
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Figures  2.  PIV  Date  Showing  Parallel  BV1 


Figure  3  Pressure  Data  Corresponding  to  Fig  2d. 
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Figure  8..  Pressure  Dal*  Corresponding  to  Fig.  2d 


APPENDIX 

Symbols  Used  in  Figures  and  Text 

c  blade  chord  length 

Cmqc  quarter  chord  moment 

coefficient 

Cn  normal  force  coefficient 

Ct  tangential  force  coefficient 

r  radial  position  of  pressure  sensor 

R  blade  radius 

Xv  horizontal  distance  between  the  leading  edge,  at 

the  measurement  position,  and  the  vortex 
centre,  measured  perpendicular  to  the  vortex 
care 

Yv  vertical  displacement  of  the  vortex  generator 

junction  above  the  rotor  disk 

Zv  lateral  displacement  of  the  vortex  generator 

from  the  tunnel  centre  line 
5  vortex  generator  section  incidence 

r  vortex  circulation 

*P  blade  azimuth  angle 
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MEASUREMENTS  OF  THE  FLOW  AROUND  WIND  TURBINE  ROTORS  BY  PARTICLE  IMAGE  VELOCIMETRY 
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ABSTRACT. 

The  aerodynamic  characteristics  of  an  operational  wind  turbine 
are  complex  (Hansen  and  Butterfield  (1993)).  A  description  is 
given  of  the  flow  conditions  generated  by  the  interaction  of  the 
wind  with  the  spinning  rotor  blades. 

Experiments  are  described  in  which  PIV  (in  Particle 
Tracking  Mode)  was  used  to  obtain  instantaneous  flow  field 
measurements  around  wind  turbine  blades.  Wake  measure¬ 
ments  have  also  being  obtained.  Phase  sampled  data  was 
obtained  by  synchronising  the  pulsed  laser  trigger/camen 
trigger  point  with  the  rotor  rotation  angle.  The  estimation  of 
derived  quantities,  such  as  angle  of  attack  and  circulation,  is 
discussed. 

The  paper  describes  the  procedures  and  techniques  being 
adopted  in  the  outdoor  application  of  particle  image  vdocime- 
try  The  measurement  of  the  aerodynamic  characteristics  of  an 
operation  horizontal  axis  wind  turbine  in  field  (out-of-doors) 
conditions  is  described.  The  procedures  for  the  safe  and 
effective  deployment  of  a  pulsed  Nd:  YAG  laser  and  its  control 
by  computer  on  site  are  discussed. 

Field  PIV  images  and  measurements  are  presented  showing 
the  approaching  flow  field  near  a  17m  diameter  horizontal  axis 
wind  turbine.  The  measurements  were  obtained  between  8  and 
10  m  from  the  ground.  The  methods  adopted  for  the  derivation 
of  the  angle  of  attack  from  the  field  images  arc  described. 

Laboratory  measurements  of  angle  of  attack  on  a  small  wind 
turbine  are  presented.  Wskc  data  obtained  from  this  turbine  is 
also  presented 


I  BACKGROUND 

Future  developments  in  the  understanding  and  computation 
of  wind  turbine  aerodynamics  require  the  assembly  of  an 
extensive  data  base  of  fundamental  measurements  The  data 
base  is  required  to  give  a  quantitative  description  of  the  flow 
field  around  wind  turbines  under  operating  conditions. 
Although  established  point  measurement  techniques  such  as 
hot-wire  anemometry  and  LDA  have  much  to  offer  (Vermeer 
(1993)),  their  application  to  complex  flow  fields  is  laborious 
A  major  role  is  therefore  seen  for  the  whole  field  technique. 
Particle  Image  Velocimetry 

The  Reynolds  number  dependence  of  the  flow  over  ■ 


turbine  blade  is  a  critical  consideration  in  any  experimental 
study.  Model  experiments,  for  instance  hydraulic  studies  for 
flow  visualisation  purposes,  may  be  poorly  conditioned  since 
the  aerofoil  blades  will  be  almost  always  be  permanently 
stalled  with  gross  separations  occurring  on  the  blades.  Impor¬ 
tant  scale  effects  result  from  this  which  can  invalidate  extrapo¬ 
lation  of  model  results  to  full  scale  conditions.  Under  these 
model  conditions,  the  blade  profile,  fundamental  in  defining 
performance,  will  have  little  or  no  effect  on  the  vorticity 
transport  into  the  wake. 

The  unsteady  nature  of  wind  conditions  in  the  field  is  a 
second  prototype  feature,  often  neglected  in  model  studies, 
which  has  important  implications  in  defining  performance 
This  is  because  dynamic  inflow,  produced  by  such  an  unsteady 
environment,  is  fundamental  in  establishi  lg  turbine  loading 
around  the  equivalent  rotor  disk. 

For  these  reasons  the  present  study  was  phased  to  allow 
establishment  of  experimental  methods  in  wind  tunnel  studies 
followed  by  prototype  studies  under  field  conditions  on 
operational  rotors. 


2  THE  HORIZONTAL  AXIS  WIND  TURBINE 

The  horizontal  axis  wind  turbine  is  the  most  popular 
configuration  for  wind  energy  utilisation.  The  energy  is 
extracted  from  the  wind  as  it  passes  through  the  surface  swept 
out  by  the  spinning  rotor.  This  surface  is  commonly  considered 
as  an  actuator  disk.  The  air  velocity  is  changed  from  its  free 
stream  value  as  it  passes  through  the  actuator  disk  by  an 
amount  given  by  the  axial  flow  induction  factor.  Most  turbines 
use  blades  of  aerofoil  section  since  this  is  the  most  efficient 
way  to  develop  the  lift  force,  a  component  of  which  is  then 
converted  to  useful  axial  torque. 

The  tip  spaed  ratio  is  used  to  define  the  operating  condi¬ 
tions  of  the  turbine  This  is  obtained  from  the  ratio  of  the 
tangential  speed  of  the  blade  tips  to  the  undisturbed  wind 
speed  The  tip  speed  ratio  directly  effects  the  angle  of  attack 
and,  through  the  induction  factor,  the  overall  performance  of 
the  turbine. 

The  turbine  blades  are  aerofoil  in  shape  and  the  general 
aerodynamic  principles  apply  to  this  complex  rotational  case 
The  foil  shape  leads  to  a  variation  in  the  vorticity  between  the 
upper  and  lower  surfaces  of  the  blade  and  i  net  r  cuiauon 
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around  il.  The  consequential  lift  forces  on  the  blades  cause  the 
turbine  to  rotate.  The  angle  of  attack,  or  the  angle  between  the 
approaching  wind  and  the  aerofoil  central  chord  line  deter¬ 
mines  the  circulation,  and  hence,  the  lift  force. 

A  commonly  adopted  strategy  for  turbine  control  is  stall 
regulation.  For  a  fixed  rotor  speed  an  increase  in  the  wind 
speed  causes  a  decrease  in  the  tip  speed  ratio.  As  the  tip  speed 
ratio  decreases  the  relative  angle  of  attack  increases  and  flow 
separation  accompanied  by  stall  inhibits  any  further  increase  in 
rotor  torque.  Using  the  flow  characteristics  of  the  aerofoil  in 
this  way  is  a  particularly  reliable  and  efficient  way  to  limit  the 
electrical  output  of  a  wind  turbine. 

The  flow  around  the  tip,  of  a  typical  turbine  blade,  from  the 
underside  is  caused  by  the  pressure  difference,  Vorticity  is 
shed  from  the  tip  and  rolls  up  into  a  vortex  tube.  The  rotation 
of  the  turbine  means  that  each  tube  from  a  blade  is  wound  into 
the  form  of  a  helix  as  it  convecis  downstream. 

The  circulation  along  the  turbine  blade  reaches  a  maximum 
at  approximately  80%  of  the  blade  length  measured  from  the 
hub.  The  circulation  of  the  shed  vortex  tube  is  approximately 
equal  to  the  maximum  value  measured  on  the  blade.  This  in 
turn  can  be  related  to  the  aerodynamic  forces  on  the  blades. 

From  this  brief  description  of  the  aerodynamics  of  the 
turbine  it  can  be  seen  that  flow  field  measurements  are 
essential  to  any  description  of  performance  or  loading.  The 
complexity  of  the  problem  means  that  scale  model  tests  arc 
difficult  The  simultaneous  requirements  of  scaling  tip  speed 
ratio  and  Reynolds  number  arc  difficult  to  achieve  in  such  a 
manner  that  energy  is  extracted  and  the  flow  correctly  mod¬ 
elled.  Model  tests  are  thus  of  limited  usefulness  The  present 
investigation  thus  had  as  its  principal  purpose  the  measurement 
of  salient  flow  features  on  operational  wind  turbines  of  various 
sizes 


3  PARTICLE  IMAGE  VELOCIMETRY  (PIV) 

Particle  Image  Velocimetry  is  a  branch  of  the  discipline  of 
Pulsed  Laser  Velocimetry  When  low  flow  seeding  densities 
are  used,  most  convenient  for  large  scale  and  outdoor  experi¬ 
mentation,  it  may  be  referred  to,  descriptively,  as  Particle 
Tracking  Velocimetry  For  simplicity  the  technique  is  referred 
to  as  PIV  throughout  the  paper 

PTV  is  a  flow  field  measurement  method  well  suited  to 
measurement  of  transient  or  unsteady  flows  of  the  type 
encountered  near  wind  turbines  by  following  the  motion  of 
moving,  "seed*,  flow  following  particles  introduced  into  the 
flow  Velocities  are  calculated  from  the  displacement  between 
successive  images  of  individual  particles  as  they  translate  with 
the  flow  (Grant  (1994),  Adrian  (1984),  Pickering  (1984),  Grant 
and  Smith  (1988)).  This  was  an  ideal  method  for  measuring 
the  complex  aerodynamics  of  the  turbine  rotor  where  the 
parallel  visualisation  capability  of  the  method  proved  invalu¬ 
able 

A  high  intensity,  multiply-pulsed,  laser  light-sheet  was  used 
to  iUurmnaie  the  particles  A  photograph  was  taken  of  the 
region  of  interest  with  an  exposure  time  which  resulted  m  a 
transparency  containing  multiple  images  of  the  seeding 
partakes  From  the  optical  magnification  of  the  camera  optics, 
the  kmc  between  successive  light  pulses  and  the  measured 


displacement  on  the  photographic  image,  the  particle  and  hence 
the  fluid  velocity  was  calculated. 

3.1  Laser  Illumination. 

The  choice  of  the  light  source  was  influenced  by  several 
factors,  the  most  important  being  the  requirement  for  high 
intensity  illumination  and  a  light  pulse  length  and  rate  compat¬ 
ible  with  the  fluid  velocity.  In  aerodynamic  studies  this 
generally  results  in  a  pulsed  laser  source  being  chosen.  The 
ease  with  which  the  light  sheet  can  be  formed  and  manipulated 
was  also  relevant.  Portability  was  also  a  requirement  since  the 
work  program  was  to  be  extended  to  field  measurements  when 
sufficient  experience  had  been  obtained  in  wind  tunnel  tests. 

These  constraints  lead  to  the  choice  of  a  frequency  doubled 
Yag  laser  with  a  wavelength  of  S32  nm  (green)  with  an  output 
energy  of  about  13S  mJ.  The  very  short  pulse  width  of  about  6 
ns  resulted  in  very  sharp  particle  images.  For  example,  a  60 
micron  seed  particle  moving  at  10  m/s  travelled  less  than  0.1% 
of  its  diameter  during  the  pulse.  In  Q-  switched  mode  two 
pulses  were  produced  within  the  pulse  envelope.  The  energy 
associated  with  each  pulse  was  less  than  for  single  pulse.  The 
light  energy  from  the  laser  is  a  maximum  at  a  pulse  repetition 
rate  of  approximately  10  Hz  Single  trigger  application 
resulted  in  significant  loss  of  energy.  These  considerations 
were  taken  into  account  when  designing  the  experiments. 

3.2  Image  Recording  and  Analysis. 

The  image  was  photographed  on  35  mm  film  using  a 
standard  single  lens  reflex  camera.  For  the  wind  tunnel  work  a 
Nikon  105  mm  macro  lens  at  an  approximate  magnification  of 
0.25  was  used.  Kodak  T  Max  film  was  used  for  the  wind 
tunnel  experiments,  developed  in  T  Msx  developer  at  a  dilution 
of  1:4  for  15  minutes.  For  outdoor  work,  Ilford  HP5  film  (400 
ASA)  was  generally  used  with  the  Yag  laser,  being  s  good 
compromise  between  grain  size  (and  hence  resolution)  and 
sensitivity.  A  shutter  speed  was  selected  to  encompass  the 
pulse  separation  time. 

The  low  seeding  and  image  densities  used  in  the  studies 
meant  that  particle  tracking  techniques  were  particularly 
effective  in  the  analysis  of  the  images.  The  analysis  of  the 
photographic  images  was  conducted  automatically  using  a  PC 
based  image  scanning  and  analysis  system. 

The  software  used  the  statistical  approaches,  described  by 
Grant  and  Liu  (1989),  (1990),  which  allowed  the  efficient 
calculation  of  flow  velocities.  In  regions  of  higher  seeding 
density  correlation  algorithms  were  available.  Software  to 
allow  the  averaging  and  interpolation  of  flow  fields  and  the 
calculation  of  derived  quantities  such  as  vorticity  and  circula¬ 
tion  was  also  available. 

In  regions  of  high  turbulence  or  where  flow  direction  was 
uncertain  computer  control  of  (he  laser  allowed  intensity 
control  of  the  laser  Q-  switch  circuitry  enabling  “tagged" 
images  to  be  obtained  (Grant  el  al  (1994))  The  direction  was 
then  automatically  extracted  using  customised  software  (Grant 
«id  Liu  (1990)) 
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Experimental  work  has  been  undertaken  at  Henot-Watt  in  a 
closed-return  wind-tunnel,  some  results  from  which  were 
previously  presented  elsewhere  (Smith  el  al  (1991)) .  The 
working  section  of  the  tunnel  was  removed  and  the  wind 
turbine  placed  in  the  open  working  section  to  minimise 
blockage  effects. 

4.1  Wind  Turbine. 

Two  small  commercial  wind  turbines  manufactured  by 
Marlec  were  used  in  this  part  of  the  study.  Both  had  an  overall 
rotor  diameter  was  0.9  m  with  a  hub  diameter  of  0.24  m.  The 
turbines  were  supplied  with  six  moulded  synthetic  blades, 
although  tests  were  also  undertaken  with  three  blades.  The 
blades  of  the  first  rotor  had  non-tapered  blades,  each  having  a 
simple  cambered  profile.  The  second  model  had  approximate 
NACA  section  blades. 

The  turbines  were  designed  for  battery  charging  at  up  to 
about  SO  Watts.  For  experimental  purposes  the  wind  vane  of 
the  turbine  was  removed  and  the  rotor  locked  in  the  upwind 
position.  The  generator  was  electrically  loaded  by  a  12  volt 
battery  with  solid  state  by-pass  to  prevent  overcharging.  An 
optical  trigger  was  fitted  to  the  rotor  hub.  This  enabled  rotation 
rate  to  be  measured,  and  was  also  used  for  triggering  of  the 
laser  and  the  camera. 

4  2  Experimental  Geometry 

The  Yag  laser  was  located  on  the  wind  tunnel  roof  with  the 
beam  being  projected  down  into  the  working  section.  Suitable 
optical  arrangements  were  used  to  produce  a  fan  duped  light 
sheet  of  approximate  thickness  1cm.  Figure  1  shows  the  wind 
generator  and  laser  in  the  wind  tunnel. 

The  flow  around  an  individual  blade  was  examined  by 
positioning  the  laser  sheet  to  intercept  a  horizontal  blade  at  the 
selected  blade  radius.  The  laser  sheet  was  positioned  on  the 
rotor  centre-line  for  study  of  the  near  wake  region.  This  is 
shown  together  with  the  blade  numbering  in  Figures  1  and  2. 

4.3  Flow  Seeding. 

Flow  volume  rates  and  hence  seeding  requirements  were 
much  higher  than  for  hydrodynamic  work.  In  addition,  the 
flow  field  covering  a  relatively  large  area  was  to  be  investi¬ 
gated.  At  a  typical  wind  speed  of  10  m.s'1  about  14.4  m*  of  air 
passed  through  the  working  see  Ur. i  each  second.  Seeding  was 
introduced  to  the  tunnel  downs!:  aun  of  the  turbine,  causing  no 
disturbance  to  the  flow  incident  <  n  the  rotor.  This  was  a  clear 
advantage  of  a  recirculating  tunnel.  After  some  use  the  tunnel 
accumulated  enough  seeding  to  seed  the  flow  automatically. 
Seeding  particles  of  polycrystalline  form,  with  a  mean  diameter 
of  about  30  microns,  were  used  These  particles  were  found  to 
have  high  scattering  efficiencies 

4  4  Laser  Control 

The  signal  from  the  optical  switch  on  the  hub  of  the  wind 
turbine  was  used  to  trigger  the  laser  The  rotational  speed  of 
the  turbine  was  found  to  be  dose  to  10  Hz  which  allowed  the 


laser  to  operate  efficiently.  A  variable  delay  was  used  so  that 
the  blade  phase  position  during  the  pulse  could  be  adjusted. 
Each  time  the  laser  was  triggered  a  Q-switch  produced  a 
double  pulse  within  the  intensity  envelope  (Grant  et  al  (1994)). 


5  RESULTS  FROM  WIND  TUNNEL  WORK 

5.1  Flow  Around  an  Individual  Blade. 

Using  the  synchronising  electronics,  described  above, 
photographic  images  were  obtained  with  the  blade  instantane¬ 
ously  in  the  horizontal  position.  Particle  pairs  were  identifi¬ 
able.  As  flow  conditions  in  the  tunnel  were  steady,  flow  fields 
calculated  from  a  number  of  images  can  be  ensemble  averaged. 
Ten  images  have  been  averaged  in  this  way  to  give  Figure  3. 
The  length  of  the  vector  gi  'es  the  magnitude  of  the  in-plane 
component.  The  disturbance  caused  by  the  blade  is  visible  but 
it  was  more  informative  to  transform  the  flame  of  reference  to 
either  that  of  the  blade  or  that  of  the  fluid. 

From  the  measured  Made  rotation  rate,  and  radial  position 
the  local  blade  velocity  was  calculated.  Changing  co-ordinates 
accordingly,  the  flow  that  would  be  seen  by  an  observer  in  the 
flame  of  reference  of  the  blade  was  produced  as  shown  in 
Figure  4a.  The  angle  of  attack  of  the  wind  to  the  blade  can  be 
derived  from  this  representation. 

Alternatively  by  transforming  to  the  frame  of  reference  of 
the  fluid  by  removing  the  mean  measured  flow  velocity  at  the 
rotor  disc,  the  circulation  around  the  blade  becomes  apparent. 
Figure  4b. 

Contour  integration  provides  the  numerical  value  of  the 
blade  bound  circulation.  This  has  been  calculated  at  a  number 
of  blade  stations  and  the  results  are  plotted  in  Figure  S.  Some 
inconsistency  was  evident  This  arose  because  data  was 
collected  from  arbitrary  blades  at  that  stage  of  the  experimental 
work.  Since  then  significant  variations  between  the  perform¬ 
ance  of  different  blades  have  been  identified  This  matter  is 
discussed  in  more  detail  in  relation  to  tip  vortices  in  the  next 
sub-section. 

5.2  Investigation  of  the  near  wake. 

Photographic  images  recording  a  section  through  the  near 
wake  were  obtained.  From  the  calculated  velocity  field 
vorticity  contours  were  produced  as  shown  in  Figure  6  with  the 
structure  of  tip  vortices  highlighted.  Contour  integration 
around  individual  tip  vortices  gave  the  circulation.  This  has 
been  calculated  for  a  series  of  concentric  paths  so  as  to  give  the 
dependence  on  the  distance  from  the  vortex  cote  Results, 
normalised  by  the  maximum  measured  blade  bound  circulation, 
for  all  six  blades,  with  the  vortex  in  position  1  as  given  by 
Figure  6,  are  shown  in  Figure  7.  It  is  dear  that  the  tip  vortex 
from  blade  3,  and  to  a  lesser  extent  blade  S,  is  weaker  than  for 
the  other  blades.  If  the  vortex  from  blade  three  is  examined  at 
different  positions  (ages)  it  appears,  see  Figure  8,  that  the 
problem  could  be  associated  with  an  abnormally  long  role  up 
process. 
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6.1  Safety  Considerations. 

The  experiment  required  that  the  laser,  a  class  IV,  be 
directed  into  the  air  in  an  expanding  sheet.  In  the  first  stage  the 
beam  propagated  freely  into  the  sky  with  no  obstruction.  In  the 
later  stages  of  the  experiment  it  impinged  upon  the  rotating 
blade  of  a  small  wind  turbine  set  at  a  heights  between  7m  and 
ISm  above  ground  level.  The  region  was  seeded  by  small,  50- 
100  micron  sized  particles,  injected  some  10-15  m  upstream. 

The  guidance  at  ground  level,  of  the 
unexpanded  beam,  used  a  customised  contain¬ 
ment  arrangement  with  suitable  interlocks.  The 
laser  sheet  left  the  containment  system  through 
a  slot  in  the  roof,  at  a  height  of  approximately  2 
m  above  ground  level  expanding  as  it  propa¬ 
gated.  No  viewing  directly  along  the  line  of 
the  beam  was  possible. 

Calculations  of  the  Maximum  Permissible 
Exposure  (MPE)  were  made  using  BS4803 
table  3.  Nominal  Ocular  Hazard  Distance  was 
then  calculated  .  This  was  the  distance  beyond 
which  viewing  of  the  beam  was  non-hazard- 
ous. 

The  first  field  measurements  of  flow  around  full  size 
turbine  were  undertaken  at  a  field  station  near  Edinburgh, 
Scotland  .  These  tests  established  that  seeded  ambient  air  flow, 
at  a  height  of  about  10  m  could  be  successfully  imaged.  The 
seeding  particles  were  introduced  and  dispersed  into  the  flow 
at  the  appropriate  height  by  a  powder  transport  apparatus. 

Great  care  was  needed  to  ensure  focused  images  and  adequate 
illumination  levels. 

More  recent  work  outdoors  at  RAL,  Didcot  (England)  has 
provided  images  of  flow  around  the  blade  of  a  larger  ,  Wind 
Harvester,  turbine  rotor  in  motion.  The  turbine  had  a  hub 
height  of  15.5  m  above  the  ground  and  a  rotor  diameter  of  17 
m.  A  laser  and  camera  arrangement  was  been  devised  to 
produce  images  at  80V.  of  the  radius.  Figure  9  presents  the 
measurements  obtained  from  one  of  these  early  images. 

An  optical  switch  was  fitted  to  the  rotor  for  triggering 
purposes  The  laser  triggering  was  more  complex  than  in  the 
wind  tunnel  tests  as  the  blade  passing  frequency  was  not 
compatible  with  high  laser  pulse  energy.  A  repetition  rale  of 
about  10  Hz  was  required  and  a  designated  double  pulse  must 
be  timed  lo  coincide  with  the  required  blade  position.  In  these 
eircumstances  the  camera  also  required  to  be  automatically 
triggered.  A  PC  based  control  system  has  been  developed  for 
these  purposes  (Grant  and  Liu  (1989),  (1990)). 

In  the  Geld  the  TMAX  3200  or  400  was  used  giving  a  good 
compromise  between  speed  and  resolution.  The  camera  was 
ailed  on  the  ground  some  13m  from  the  illummaled  flow  sheet 
Using  a  300  mm  Nikon  lens  it  was  possible  to  obtain  an  image 
corresponding  to  a  flow  region  of  approximately  I  square 
metre  around  the  turbine  blade  In  order  to  obtain  satisfactory 
images  the  development  of  the  film  was  ‘pushed’  to  1  or  2 


minutes  beyond  the  recommended,  giving  a  development  time 
of  13-15  minutes  in  general. 

7.  CONCLUSIONS  AND  POTENTIAL  FUTURE  WORK 

The  application  of  PIV  to  wind-tunnel  and  field  measure¬ 
ments  of  wind  turbine  aerodynamics  has  been  described  and 
demonstrated.  The  results  presented  so  far  show  that  the 
technique  can  provide  a  valuable  insight  into  the  aerodynamic 
properties  of  8k  blades  and  that  derived  quantities,  such  as 
vorticity  and  circulation,  can  be  obtained  allowing  a  more 
comprehensive  understanding  of  the  wind  and  turbine  interac¬ 
tion. 

Further  refinements  in  technique  are  being  developed  to 
give  detailed  information  on  the  tip  vortex  roll  up  process  and 
flow  separation  from  the  blade  at  high  angles  of  attack. 
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ABSTRACT 

We  introduce  a  new  method  Tor  spectral  estimation  by  LDA 
measurements  and  verify  this  by  computer  simulations  and 
measurements. 


0  INTRODUCTION 

In  Laser  Doppler  Anemomctiy  there  are  two  major 
problems  faced  when  making  a  statistical  analysis  of  the 
measurement  data:  velocity  bias  and  the  random  arrival  of  the 
particles  to  the  measurement  volume.  While  velocity  bias  is 
the  predominant  problem  for  simple  statistical  values,  such  as 
mean  and  nns  values,  the  random  sampling  seems  to  be  the 
main  problem  for  statistical  quantities  that  depend  on  the 
timing  of  events,  such  as  spectrum  and  correlation  functions 
(see  also  [20]).  In  this  paper  we  will  deal  with  methods  to 
overcome  this  problem. 

The  first  to  consider  random  sampling  were  Shapiro  ft 
Silverman  [IS],  who  proved  that  sampling  after  a  Poisson 
process  is  free  of  aliasing.  Further  theoretical  work  in  this 
direction  was  done  by  Beullcr  [4,5]  and  Masry  [1 1,12].  The 
methods  given  to  find  the  spectrum  was  however  unfeasible 
for  practical  calculation,  and  Gastcr  ft  Roberts  et  al 
developed  the  so-called  direct  method  in  a  series  of  papers 
[7,8,13,2].  In  practice  the  so-called  sample  ft  hold  method 
was  also  much  used,  and  a  theoretical  analysis  of  this  method 
was  done  by  Adrian  ft  Yao  [1].  In  LDA  context  different 
methods  have  been  investigated  in  the  papers  [19]  and  [22]. 

This  paper  is  the  first  step  towards  a  more  general 
investigation  of  practical  methods  for  spectral  estimation  by 
random  sampling.  The  direction  we  believe  will  be  fruitful  is 
spectral  estimation  through  interpolation:  we  interpolate 
between  samples,  and  derive  a  new  time  series  by  sampling 
this  interpolated  process  equidistantly.  The  spectrum  of  the 
interpolated  process  of  course  is  not  identical  to  the  spectrum 


of  the  original  process,  there  is  a  bias.  To  use  a  method,  this 
bias  should  be  known,  and  if  it  is  not  negligible,  it  should  be 
possible  to  compensate  for  it.  In  section  1  we  arrive  at 
expressions  for  the  bias  of  the  most  basic  interpolation:  the 
interpolation  where  we  use  only  the  immediate  preceding 
sample  for  interpolation.  Even  for  this,  the  bias  has  a  rather 
complicated  form.  But  for  a  special  case,  the  exponential 
interpolator,  which  was  inlrodued  in  [19],  we  are  able  to  fully 
calculate  the  bias,  and  we  show  how  this  can  be  compensated 
for.  This  compensation  has  previously  partially  been  used  by 
Boyer  and  Searby  [6]  for  sample  ft  hold.  The  exponential 
interpolator  introduced  here  encompasses  most  of  the 
estimators  previously  used  as  special  cases. 

The  motivation  far  developing  new  spectral  estimators  is 
that  random  sampling  adds  variance  to  the  spectrum,  but  the 
amount  depends  on  the  spectral  estimator  used  (see  also 
[19]).  Thus,  the  quest  is  to  develop  an  (unbiased)  estimator 
with  as  low  variance  as  possible.  An  interesting  question, 
which  we  will  not  answer  here,  is  if  there  is  a  lower  limit  for 
this  added  variance.  Here  we  investigate  different  estimators 
with  respect  to  variance,  and  show  that  in  all  most  all  cases 
the  estimator  introduced  here  has  the  least  variance. 

The  theoretical  developments  are  finally  supplemented 
with  computer  simulations  and  comparisons  with  hot  wire 
measurements  drawing  the  viability  of  the  methods  in 
practice  and  the  limits  of  the  methods. 

1  GENERAL  SPECTRAL  ESTIMATION. 

In  the  following  we  let  X(t)  denote  a  stationary,  Gaussian 
stochastic  process  as  might  be  assumed  for  a  turbulent 
process.  For  simplicity  we  assume  that  X(i)  has  zero  mean 
and  finite  energy  The  autocorrelation  function  of  ,Y(/)  is 
defined  as 

R(r)=£[.Y(r).Y(r  +  r)] 
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The  (power)speclroin  of  A'  is  denned  as  (lie  Fourier  (ransform 
of  the  autocorrelation, 

m 

S(«)=F{/?}=  j  R(  ry-‘“rdr 


=  5(<u)[F{po](ft))f‘ 

+  lm(ll{5  F{pa}}  F{pc}*](«) 

+2«(0^Re{F{pflr}  F{a}*}(»)+  lmll{F{pa}  F{e}*}(a>)j 


We  assume  that  tR{  r)  is  absolutely  integrablc,  so  tliat  the 
spectrum  can  also  be  found  directly  from  A'(r)  by  (see  [18]) 

,  T 

j.XW'd, 
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S(a>)  =  lim  f|xr(rc))j 

The  variance  on  the  spectral  estimator  Sr(tu)  is  (see,  e  g., 
[3])  (1) 

lim  l'[ir(«)]  =  S1(w)  (2) 

2  SPECTRAL  ESTIMATION  BY  INTERPOLATION 

2.1  General  interpolation 

We  sample  AT (r)  when  a  particle  passes  through  tire 
measurement  volume,  i.c.  at  times  {r„|w=...,-2,-l,0,l,2,...}. 
The  times  r,  are  the  outcome  of  a  stationary  point  process, 
which  we  will  assume  independent  of  Af(r).  This  assumption 
is  true  at  moderate  turbulence  intensities.  We  assume  that 
r* *  r*_,  +  jm  witli  lire  /„  independent  random  variables 
with  identical  probability  density  p(0  (as  in  [15]).  Typically 
for  LDA  the  process  will  be  a  Poisson  process.  Tire  task  is  to 
estimate  tire  power  spectrum  from  the  set 
{U(r.X  rj|*i*— ,-2,-1.0,l,2....}.  Our  method  to  pursue 

this  task  is  through  linear  interpolation  or  linear  estimation. 
Thus,  we  define  a  new  stocltastic  process  X'(t)  by 

A"(»)=a0-O.Y(O 

Where  wc  of  course  may  assume  or(r)  =  0  for  r  <  0.  Wc  will 
denote  the  specinun  of  A*'(0  by  S'(«  )• 

For  the  general  interpolation  we  get  (for  a  proof  sec  [  1 9] 

Theorem  I  For  tire  general  one-point  interpolation,  the 
spectrum  is  given  by 


Tims  the  general  form  of  the  spectrum  is 

S-(a>)  =  A(  «)*(«)+  R(0)g(<u)+ r{5}(a») 

The  last  term  is  due  to  the  Hilbert -transform  term  of  theorem 
1 .  This  will  in  general  have  a  complicated  dependence  on  £ 
so  that  it  is  difficult,  if  not  impossible,  to  find  S  from  S’ .  It  is 
also  impossible  in  general  to  find  the  extra  variance  on  the 
estimate  of  S'  from  theorem  I.  so  is  remains  open,  which  is 
the  optimal  one-point  interpolator.  However,  wc  can  get  a 
guideline  from  prediction  theory.  The  optimal  linear 
estimation  of  A'(r  +  A)  from  Aff)  in  terms  of  mean  square  error 
in  the  time-domain  is  AT(r)rt(A)/7t( 0)  (see  e.g.  [18],  example 

11-1),  where  R  is  the  correlation  function  of  A'.  Thus,  it  is 
reasonable  to  assume  that  a(t)  =  R(/)/R(0)  will  give  the 
least  interpolation  error,  and  our  calculations  below  on  a 
specific  process  makes,  probable  the  correctness  of  this 
assumption  There  are,  however,  two  obstacles  to  using 
a(f)  =  R(t)fR( 0):  firstly,  we  do  not  know  R  in  advance  (it  is 
actually  R  that  wc  want  to  estimate),  and  secondly,  as  stated 
above,  it  is  virtually  impossible  to  find  S  from  S'  for  a 
general  R.  Wc  will  therefore  proceed  otherwise. 

2.2  Single  Exponential  Interpolation. 

Even  when  F{cr)  is  a  rational  function,  the  expression  for 
S'(ro)  is  extremely  complicated  (see  [19]).  However,  in  the 
case  wlwrc  F{»}  has  a  single  root,  i.e.  a  is  an  exponentially 
decaying  function,  wc  get  immediately  from  tireoiem  2 

Theorem  3  Ixt 

A-(0=  >A'(0 

Then 
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S(oi)+2R(0) 


( v+  2fc)  i 


-2JW  0) 


—) - *C_ 

/+b)  ( y+b)~  +< 


in  accordance  with  (8] 


2.3  Autocorrelation  estimates. 


To  complete  the  discussion,  we  will  mention  that  the 
autocorrelation  R"( 0)  of  the  exponentially  interpolated 
process  is  given  by  (see  (19]) 


*~4(0)=-HS(O 


(v+4)  +r 


«*(°)= — —R(  0) 

v+2b 


We  will  claim  that  really  this  is  the  only  practically 
feasible  one-point  interpolation,  practically  meaning  that  we 
should  be  able  to  find  S(«)  from  S'(to).  And  this  is  indeed 
possible  for  exponential  interpolation.  We  have 


WO),  V+~  -2R„b(0)-!~ 

(v+2b)v  v+b 


While  we  can  easily  find  (an  estimate  for)  W(0).  we  cannot  in 
general  find  R„b (0).  which  is  the  spectmm  of  the  process 
X{t)  low-pass  filtered.  However,  notice  that 


m0)1~r-2K 

{*+2  b)v 


3  THEORETICAL  EVALUATION  OF  PERFORMANCE 

In  this  section  we  will  make  a  theoretical  comparison  of 
spectral  estimation  by  the  method  of  exponential 
interpolation,  sample  and  hold  and  the  direct  method.  Since 
these  arc  all  variations  of  exponential  interpolation,  this 
amount  to  evaluating  exponential  interpolation  for  different 
values  of  the  decay.  We  will  call  the  added  standard  deviation 
on  S'  due  to  interpolation  for  the  interpolation  error  .The 
interpolation  error  for  exponential  interpolation  was  found  in 
(19]  to  be 

•h  =  W0)">  -2/W0)-L- 

(v+2  b)v  v+b 

For  the  special  cases  of  sample  and  hold  and  the  direct 
method,  the  interpolation  errors  are  (5) 


eOT  =  ±(W>  )-K.(0)) 
v 


So.  to  find  S(n>),  we  divide  out  the  mulitiplicative  factor,  take 
the  inverse  Fourier  transform,  'remove'  the  5- pulse,  and  take 
the  Fourier  transform. 

There  are  to  special  cases  of  exponential  interpolation 
worth  separate  consideration.  For  b  =  0  we  get  the  well-know 
sample  A  hold  interpolation,  and  for  this  the  spectral  estimate 
is  from  (3) 

S’(*)  •  f  S(w)+1(R(0)-  fl,.(0))l^JL_ 

V  v  )v+wl 

an  expression  which,  alter  some  calculation,  is  seen  to  be 
equivalent  to  the  expression  found  in  (I  ]. 

The  other  special  case  is  to  let  b  tend  to  infinity  while  at 
the  same  time  scaling  with  b,  so  that  the  interpolated  process 
approaches  a  train  of  ^pulses.  We  hereby  get  the  so-called 
direct  method  (8],  and  for  this  (3)  gives 


Wc  can  immediately  make  the  following  estimations 
*sn(v) 


v)  ej,r{  v) 
*h(v)  estr  ( **) 
®Ar(  *')  r) 

*str(y) 

A*r(  *9  ‘  *) 


>  2  for  »•- 


■  0  for  v— »  oo 


So,  for  "low"  data  rates  the  direct  method  performs  a  little 
belter,  whereas  for  "high*  data  rates  the  exponential 
interpolation  and  sample  and  hold  performs  much  better. 

To  quantify  the  terms  'high’  and  'low*  we  will  compare 
the  methods  for  spectrum  that  is  close  to  a  typical  turbulence 
spectrum,  a  first  order  spectrum,  i.e , 
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S(a>)=-^ — 
a~  +  to' 

The  total  power  of  the  first  order  spectrum  is 

«(0)  =  ^o 

and  the  interpolation  error  is 

.  ,  {  v+b _ 1 

6  ^(v+2h)v  fl+(v+h) 

The  choice  of  b  giving  the  least  interpolation  error  is 

b  =  a 


Thus,  the  optimal  interpolation  function  (among  the 
exponential  ones)  is  a(t)=  R(i)/R( 0),  in  accordance  with 
our  previous  prediction _ 


Method 

Interpolation  error 

Sample  &.  Hold,  b  -  0 

1 

va  +  v 

Optimal  decay,  b  -  a 

1  a2 

vl  a  +  v 

Direct  method,  b  =  oo 

a 

2v 

Table  I:  Interpolation  error  of  different  estimators  for  first 
order  spectrum. 
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Figure  1:  Standard  deviation  versus  dalorate  for  different 
methods.  First  order  spectrum  without  added  noise. 

Table  I  gives  the  interpolation  error  for  the  three 
spectra]  estimators  and  it  is  plotted  in  figure  1 . 


We  see  that  already  for  a  =  v  the  sample  &  hold  method 
becomes  better  than  the  direct  method.  And  for  i/<  a  spectral 
estimation  does  not  really  give  any  meaning,  since  the 
variance  on  the  spectrum  is  greater  than  5(0)!  We  see  that  in 
all  cases,  the  exponential  interpolation  is  best. 

If  we  add  noise  to  the  system,  the  results  change 
somewhat.  We  consider  band  limited  white  noise  of  power 
-f-  a  and  let  the  band  limit  tend  to  infinity.  Asymptotically  we 
then  have  W(0)  =  -^<r  while  R„b( 0)=0  so  that  the 
interpolation  error  of  the  first  order  system  plus  noise  is 

.  (g  +  q)(vM-h)  a 
k  (v+2  b)v  a+(v+b) 

For  this  system  the  optimal  choice  of  b  will  depend  in  a 
complicated  manner  on  a  and  <7,  but  we  suggest  to  put 


b  =  a  +  a 


Data  rate/cut-off 

Figure  2:  Standard  deviation  versus  datarate  for  different 
methods.  First  order  spectrum  with  added  noise  with  S/N  =  2. 
by  the  argument  found  below.  Formulas  similar  to  the  above 
table  can  be  calculated,  and  the  plot  looks  like  in  figure  2.  We 
observe  that  for  a  signal  to  noise  ratio  of  2  (where  the  signal 
to  noise  is  afo)  the  exponential  interpolation  with  the 

suggested  decay  will  perform  best  for  all  data  rates.  For  a 
signal  to  noise  of  0.5,  the  direct  method  will  perform  better. 
However,  at  S/N  of  0.5  is  very  low  to  do  spectral  estimation. 
In  case  of  very  broad  band  noise,  a  filter  should  be  used  to 
filter  out  the  high  frequency  noise  prior  to  spectral  estimation. 

Dosed  on  these  experiences,  we  can  predict  the  relative 
performance  of  the  exponential  interpolator  for  other  types  of 
spectra.  The  general  rule  is  that  the  more  "low"  frequency 
(<  v/2x)  power  the  process  has,  the  better  the  exponential 
interpolator  will  perform.  So,  If  the  decay  of  the  spectrum  is 


11.1.4. 


steeper  than  -2.  the  exponential  interpolator  becomes  even 
better,  if  there  are  low  frequency  liarmonics,  the  exponential 
interpolator  will  perform  better  and  so  on. 

Shapiro  and  Silverman  proved  that  Poisson  sampling  is 
free  of  aliasing  so  that  it  is  theoretically  possible  to  make 
spectral  measurements  at  arbitrary  high  frequencies  for  a 
given  data  rate,  ignoring  the  Nyquist  criterion.  How  far  is  it 
possible  to  go  in  practice?  The  statistical  error  on  the 
spectrum  is  the  value  of  the  spectrum  itself  plus  the 
interpolation  error.  We  define  the  limit  frequency  fbmt  as 
the  frequency  where  the  interpolation  error  reaches  the  value 
of  the  spectrum.  For  the  first  order  spectrum  from  above  and 
exponential  interpolation  will  optimal  value  of  the  decay  we 
find  (with  or  =  vfa ) 


fumml  ~ 


2x 


2rr 


v 


Which  is  even  lower  than  the  Nyquist  frequency!  Of  course 
we  can  surporse  the  limit  frequency  by  block  averaging.  The 
error  on  the  spectrum  is  reduced  by  a  factor  -Jn  where  N  is 
the  number  of  blocks.  Suppose  that  we  modestly  want  to 
measure  up  till  the  ’Nyquist  frequency*.  i/2.  At  this 

frequency  the  interpolation  error  is  about  10  times  the  value 
of  the  spectrum  itself.  If  we  want  to  reduce  this  error  to  the 
same  order  as  the  spectrum  itself  we  need  to  average  over  100 
blocks,  i.c.,  we  need  100  times  the  data  needed  for 
equidistant  sampling!  If  we  want  to  have  a  total  error  of  less 
than,  i.c.,  10  %  we  need  to  average  over  10000  blocks! 

Conclusion?  Random  sampling  is  not  an  advantage,  it  is 
an  evil! 


4  ALIASING 

We  have  seen  that  the  exponential  method  exceed  the 
direct  method  in  terms  of  interpolation  error.  The  exponential 
method  and  sample  and  hold  also  have  another  advantage:  we 
can  resample  the  interpolated  signal  equidistanlly  and  use 
FFT  on  this  time  series,  thereby  obtaining  an  enormously  gain 
in  speed.  Doing  this,  one  should  be  aware  of  aliasing.  The 
resampling  frequency  should  of  course  be  so  chosen  that  the 
process  itself  is  not  aliased,  but  the  interpolation  error  will  in 
all  circumstances  be  aliased  Thus  formula  (3)  should  be 
replaced  by 


(»•+*)*  +  a7  l. 


v+  b 

i  — v — 2/?^(o; 
(r+2  b)v  v+b 


bj01*’ 


where,  as  is  well-know,  G  is  given  by 


G(»)  = 


v?Af  sinh((  v+  b)At) 

?( »•+  6)  cosh((  v+  -cos(aiAi) 


where  A/  is  the  resampling  interval. 

We  still  may  find  5(<u)  from  S'(co)  like  in  (4): 


:•<»)(  r) 


=  «(r)*r,{G}(r)  ♦(")  ^2«(0) 


K4  b 


(  *>4  2b)  r 


-2R„*(0] 


1-4  b  j 


If  we  know  R( 0)  and  F"'{G}  (which  can  he  calculated 
analytically  in  the  discrete  version)  we  can  then  bias  correct 
without  knowing  the  factor  on  F~’  {C}. 

Note  however  that  the  interpolation  error  will  no  longer 
be  given  by  (S),  but  the  aliased  version  of  it  found  from  (6). 
This  increase  in  error  on  the  spectral  estimate  can  be  avoided 
by  oversampling,  e.g.,  by  a  factor  2. 

In  respect  to  aliasing,  random  sampling  has  a  clear 
advantage.  If  we  use  the  direct  method,  we  totally  avoid 
aliasing.  If  we  use  exponential  interpolation  followed  by 
resampling,  we  do  not  avoid  aliasing  completely,  but 
exponential  interpolation  induces  a  low  pass  filler  on  the 
process  (see  (3)),  thereby  reducing  the  problem  of  aliasing 
considerable. 


5  PRACTICAL  USE  OF  METHODS 


To  use  the  method  of  exponential  interpolation  we  need 
to  know  the  right  choice  of  the  decay  parameter  b  in  advance. 
For  general  spectra  it  is  difficult  to  find  this  optimum,  and  we 
suggest  to  put 


b_  Rl 0)  _  W) 

j£°  R(  r)rfr  2^(0) 


This  inverse  of  this,  \/b,  is  known  as  the  integral  time  scOQ 
of  the  process.  Note  that  it  can  easily  be  calculated  from  data 
without  pre  knowledge  of  tire  spectrum  or  autocorrelation.  In 
the  two  theoretical  examples  this  will  give  the  suggested  and 
(in  one  case)  optimal  decays. 


5.1  Window 


To  chose  a  proper  window  for  spectral  estimation  is  a 
science  in  itself.  Or  maybe  it  is  not  science,  but  rather 
metaphysics.  Some  people  advocate  one  type  of  window, 
other  people  another  type.  The  optimal  window  will  depend 
on  the  concrete  spectrum  to  be  estimated. 

Windows  can  be  applied  at  thre&^noints  in  the 
estimation:  on  the  original  time  scries,  on  tne  interpolated 
time  series  and  on  the  autocorrelation  function.  We  suggest  to 
use  windowing  of  lire  autocorrelation  since  the  other  kinds  of 


11.1.5. 


windowing  will  give  a  complicated  bias  due  to  'interference* 
with  the  interpolation  process.  Thus,  it  is  recommended  to 
use  rather  long  blocks  and  then  obtain  the  required  reduction 
in  variance  by  an  autocorrelation  window.  If  too  short  blocks 
are  used,  the  bias  will  be  large  and  the  above  method  will 
give  strange  results,  as  the  computer  simulations  below  show. 

The  reason  to  use  a  window  is  to  extract  as  much 
information  out  of  the  noisy  spectrum  as  possible,  while  at 
the  same  time  keeping  the  bias  low.  The  window  acts  as  a 
low  pass  filter  on  the  spectrum.  By  choosing  a  narrow 
window  more  noise  will  be  filtered  out  from  the  spectrum, 
but  also  the  bias  will  increase.  To  reach  a  reasonable  balance 
between  noise  and  bias,  some  experimentation  is  needed. 

6  SIMULATIONS  AND  MEASUREMENTS 

The  formulas  for  variance  calculated  above  are 
asymptotic  formulas.  To  verify  the  valuations  of  the  methods 
also  for  finite  records,  we  have  simulated  first  order  spectra 
with  and  without  added  noise.  The  results  can  be  seen  in 
figure  3-6.  All  simulations  were  done  using  v  =  1 ,  and  1 
million  samples.  The  spectral  estimation  was  done  using  the 
procedure  outlined  above  with  an  oversampling  factor  of  2 
and  multiplicative  and  additive  corrections.  For  sample  and 
hold  the  decay  was  pul  to  zero  and  for  exponential 
interpolation,  the  decay  was  calculated  from  (7).  In  all 
figures,  the  solid  line  is  the  theoretical  spectrum. 

Figure  3  shows  the  result  for  a  cutoff-frequency  of  0.01 
(or  =  100/2  jr). 

Figure  4  shows  the  result  for  a  cutoff-frequency  of  0.2 
(  a  =  5/2jt).  It  is  noticeable  that  although  the  error  is  large  we 

arc  still  able  to  determine  the  decay  of  -2  of  the  spectrum.  If 
we  had  not  done  the  additive  correction,  the  result  would 
have  looked  like  the  lop  curve  in  the  figure.  Thus,  the 
correction  incorporated  in  our  method  is  essential  to  obtain 
unbiased  results,  and  with  this  correction  it  is  possible  to  do 
spectral  estimation  with  rather  low  data  rates. 

Figure  5  shows  the  variance  in  the  estimated  spectrum 
by  respectively  ordinary  sample  and  hold  and  exponential 
interpolation.  The  increase  in  the  calculated  error  over  the 
theoretical  error  at  high  frequencies  is  due  to  aliasing. 

Figure  6  shows  what  happens  if  one  uses  too  short 
blocks.  The  expected  spectrum  is  identical  to  the  spectrum  of 
figure  3,  but  in  this  calculation  we  have  used  only  200000 
samples  with  still  1000  blocks  and  ordinary  sample  and  hold. 
We  notice  that  there  is  a  strong  bias.  Actually,  the  estimated 
spectrum  dips  consequently  below  zero  above  a  certain 
frequency  (as  opposed  to  the  oilier  cases  presented,  wliere 
variance  can  make  the  spectrum  occasionally  negative).  This 
confirms  our  recommendation:  one  should  use  relatively  long 
blocks  and  subsequent  autocorrelation  windows,  since  then 
bias  is  predictable  (it  is  a  convolution) 


Figure  7-8  show'  comparisons  between  LDA  and  CTA 
measurements  on  a  nozzle.  More  information  on  the 
measurements  can  be  found  in  (21].  In  figure  7  the  spectral 
analysis  for  LDA  was  done  by  ordinary  sample  and  hold.  One 
observes  that  this  completely  odscutcs  the  change  in  decay. 
When  the  spectral  estimation  is  done  by  the  method  discussed 
in  this  paper,  as  in  figure  8,  the  spectrum  for  LDA  follows 
closely  the  spectrum  for  CTA.  until  it  reaches  a  noise  bottom. 
This  is  not  a  proof  that  the  spectrum  measured  by  LDA  is 
unbiased,  but  it  is  a  strong  indication. 


Figure  3:  Exponential  estimation  of  first  order  spectrum  with 
cutoff  frequency  0.01  The  data  rate  is  1,  1000000  samples 
are  evaluated  divided  into  1000  blocks. 


Figure  4:  Exponential  estimation  of  first  order  spectrum  with 
cutoff  frequency  0.2  The  data  rate  is  1,  1000000  samples  are 
evaluated  divided  into  1000  blocks. 
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Figure  5:  Standard  deviation  of  spectral  estimators.  Doth  are 
evaluated  on  a  first  order  spectrum  with  cutofT  frequency  0.2. 
The  data  rate  is  1,  1000000  samples  are  evaluated  divided 
into  1000  blocks. 


estimation  of  first  order  spectrum  with  cutofT  frequency  0.01. 
The  data  rate  is  1 ,  200000  samples  are  evaluated  divided  into 
1000  blocks. 


Figure  7:  Measurements  on  nozzle.  Spectral  estimation  for 
LDA  done  by  ordinary  sample  and  hold  without  any  bias 
correction. 


Figure  8:  Measurements  on  nozzle.  Spectral  estimation  for 
LDA  done  by  exponential  interpolation  with  bias  correction 
and  using  a  Papoulis  window  on  the  correlation  function. 


7  CONCLUSION 

We  have  introduced  a  new  spectral  estimator  for  turbulence 
measurements:  the  exponential  estimator.  We  have 
theoretically  shown  that  this  is  unbiased  and  this  has  further 
been  verified  by  computer  simulations  and  measurements  by 
CTA  Therefore,  we  will  claim  that  the  method  gives  the 
correct  spectrum,  at  least  a  low  turbulence.  What  is  still 
needed  is  to  verify  the  method  with  respect  to  velocity  bias, 
i.e.  at  high  turbulence  intensity.  However,  since  sample  and 
hold  is  equivalent  to  arrival  time  correction,  we  may  expect 
that  velocity  bias  will  have  little  influence.  This  is  also 
confirmed  by  recent  simulations  in  [20]. 

REFERENCES 

[1]  Adrian,  R.J.  and  Yao,  C.S.:  Power  spectra  of  fluid 
velocities  measured  by  laser  Doppler  velocimetry,  Exp.  in 
Fluids  5,  17-28(1987). 

[2]  Ajamani,  DBS.  and  Roberts,  J.B.:  Improved  Spectral 
Estimation  for  Irregularly  Spaced  Data  Using  Digital 
Filters,  Mechanical  Systems  and  Signal  Processing  4(1), 
77-94(1990). 

[3]  Bendat  ,  J.S.  and  Picrsol,  A.G.:  Random  Data,  Analysis 
and  Measurement  Procedures,  2nd  Edition,  John  Wiley  & 
Sons,  Inc.,  New  York,  1986. 

[4]  Beutler,  F.J.:  Alias-Free  Randomly  Timed  Sampling  of 
Stochastic  Processes,  IEEE  Trans.  Info.  Theo.,  vol  IT-16, 
no.  2,  March  1 970. 


11.1.7. 


[5]  Beuller,  J.B.:  Recovery  of  Randomly  Sampled  Signals  by 
Simple  Interpolators,  Information  and  Control  26,  312- 
340(1974). 

[6]  Boyer,  L.  and  Searby,  G.:  Random  sampling:  Distortion 
and  reconstruction  of  velocity  spectra  from  fast  Fourier- 
tninsform  analysis  of  the  analog  signal  of  a  laser  Doppler 
processor,  J.  Appl.  Phys.  60(8),  1 5  October  1 986. 

[7]  Gastcr,  M.  and  Roberts,  J.B.:  Spectral  Analysis  of 
Randomly  Sampled  Signals,  J.  Inst.  Maths  Applies  (1975) 
15,  195-216. 

[8]  Gastcr,  M.  and  Roberts,  J.B.:  The  spectra I  analysis  of 
randomly  sampled  records  by  a  direct  transform,  Proc.  R. 
Soc.  Lond.  A  154,  27-58  (1977). 

[9]  Marquardt,  D.W.  and  AcufT,  S.K.:  Direct  quadratic 
spectrum  estimation  with  irregularly  spaced  data 
Symposium  on  Time  Series  Analysis  of  Irregularly 
Observed  Data,  College  Station,  TX,  1983,  p.  211-223 
(Springer- Vcrlag). 

[10]  Marvasti,  F.A.:  A  unified  approach  to  zero-crossings 
and  non-uniform  sampling.  Nonuniform,  P.O.  Box  1505, 
Oak  Park,  IL  60304. 

[11]  Masry,  E.  and  Lui,  M.-C.C.:  A  consistent  estimate  of  the 
spectrum  by  random  sampling  of  llte  time  series,  SIAM  J. 
Appl.  Math.,  vol.  28,  no.  4,  June  1975. 

[12]  Masry,  E.:  Spectral  and  Probability  Denstity  Estimation 
From  Irregularly  Observed  Data,  Symposium  on  Time 
Series  Analysis  of  lrrcgulnrly  Observed  Data,  College 
Station,  TX,  1983,  p.  224-250  (Springer- Verlag). 

[13]  Roberts,  J.B.  and  Gaster,  M.:  On  the  estimation  of 
spectra  fiom  randomly  sampled  signals:  a  method  of 
reducing  variability >,  Proc.  R.  Soc.  Lond.  A  371,  235-258 
(1980). 

[14]  SchQnnann,  B.:  Zur  Ermittlung  von  Frequenzgflngen  auf 
der  Basis  zufhllig  abgetasteter  stochastischer  Signale, 
Automatisienmgstcchnik  at,  35, 1987. 

[15]  Shapiro,  H.S.  and  Silverman,  R.A..  Alias-free  Sampling 
of  Random  Noise,  J.  Soc.  Indust.  Appl.  Math.,  Vol.  8, 
No.2,  June  1960 

[16]  Vcynanle,  D.  and  Candel,  S.M.:  Application  of  nonlinear 
spectral  analysis  and  signal  reconstruction  to  laser 
Doppler  vclocimctry,  Exp.  in  Fluids  6,  534-540  (1988). 

[17]  Veynanle,  D.  and  Candel,  S.M.:  A  promising  approach 
in  Laser  Doppler  Velocimctry  Data  Processing:  Signal 
reconstruction  and  Nonlinear  Spectral  Analysis,  Signal 
Processing  14,  295-300  (1988). 

[18]  Papoulis,  A.:  Probability,  Random  Variables  and 
Stochastic  Processes.  McGraw-Hill,  New  York,  1965. 

[19]  Host-Mndscn,  Anders  and  Casperscn,  Christian: 
“Spectral  estimation  by  interpolation,"  Signal  Processing, 
to  appear 

[20]  Lee,  Do  Hwan  and  Sung,  Ilyung  Jin:  "Assessment  of 
turbulent  spectral  bias  in  laser  Doppler  vclocimctry," 
Experiments  in  Fluids  16,  223-235  (1994). 


[21]  I  Iost-Madscn,  A.  and  Caspersen,  C.:  "The  Limitations  in 
High  Frequency  Turbulence  Spectrum  Estimation  Using 
the  Laser  Doppler  Anemometer,"  accepted  for  seventh 
international  symposium  on  applications  of  laser 
techniques  to  fluid  mechanics. 

[22]  Tropea,  C.:  Turbulence-induced  spectral  bias  in  laser 
anemometry,  AIAA  J.  25,  306-309  ( 1 987). 


11.1.8. 


The  Limitations  in  High  Frequency  Turbulence 
Spectrum  Estimation 
using  the  Laser  Doppler  Anemometer 

by 

Anders  H0st-Madsen  and  Chr.  Caspersen 
Dantec  Measurement  Technology 


Abstract 

Over  the  past  decade,  there  has  been  very  little  interest  in  using 
the  laser  Doppler  Anemometer  to  measure  turbulent  spectra. 
One  reason  for  this  is  the  requirement  to  instrumentation, 
amount  of  data  and  the  requirement  to  low  noiselevel  in  the  re¬ 
sults.  Furthermore  the  work  that  was  started  in  the  seventies  by 
Gaster  and  Roberts  and  by  Buchhave  el  al.  was  never  followed 
up  to  a  level  of  practical  implementation.  The  fact  that  the  ran¬ 
dom  sampling  was  difficult  to  unify  with  the  upcoming  stream 
of  Fourier  processing  methods  set  a  slop  to  the  further  develop¬ 
ment  of  method  and  algorithms  for  dealing  with  this  subject. 

However  with  the  present  slate  of  the  art  in  optics,  signal  pro¬ 
cessing  and  data  handling  facilities,  it  is  time  to  renew  the  in¬ 
terest  in  this  field,  as  a  large  number  of  applications  are  of  inte¬ 
rest  both  in  pure  fluid  mechanics  and  also  in  a  number  of  in¬ 
dustries.  This  paper  is  trying  to  answer  the  question  of  the  re¬ 
quirements  to  the  equipment  for  this  type  of  measurements  and 
also  to  set  some  limitations  in  how  far.  it  is  possible  to  come  in 
terms  of  spectral  resolution  and  frequency. 

The  research  is  focussed  on  the  high  frequency  end  of  the  mea¬ 
sured  spectrum.  The  limitation  in  frequency  is  analyzed  and 
supported  by  measurements.  The  influence  from  the  size  of  the 
measurement  volume  is  investigated  by  using  off-axis  observa¬ 
tion  angles  in  order  to  maximize  the  spatial  resolution  of  the 
measurement,  while  maintaining  the  signal  to  noise  ratio. 

Most  of  the  work  until  now  in  estimation  of  turbulence  spectra 
has  been  done  with  hot-wires,  so  it  makes  sense  to  do  a  compa¬ 
rison  with  hot-wires  to  a  certain  extend,  as  the  hot-wire  also 
has  it's  own  limitations  These  limitation  are  however  well- 
known  and  they  arc  reported  extensively  in  the  literature.  As 
the  hot-wire  is  most  suitable  for  lower  turbulence  intensities, 
these  comparisons  are  performed  in  a  well  developed  turbulen¬ 
ce.  with  a  degree  of  turbulence  below  10% 

The  conclusion  of  the  paper  will  give  a  framework  for  the  re¬ 
quirements  to  spectral  estimation  and  an  overview  of  the  limi¬ 
tations  that  can  be  expected 


Introduction 

In  order  to  get  an  overview  of  the  parameters  influencing  the 
quality  of  the  spectrum,  it  is  reasonable  to  divide  these  parame¬ 
ters  into  three  different  groups.  The  first  group  is  related  to  the 
parameters  influencing  the  signals  received  from  the  optical 
system  and  transmitted  to  the  signal  processor.  This  group  will 
include  laser  noise,  optical  misalignment  and  particle  interac¬ 
tion.  The  second  group  is  related  to  the  signal  processing,  both 
in  terms  of  processing  principles  and  efficiency  of  the  realiza¬ 
tion  of  the  principle.  Finally  the  third  group  is  related  to  the  da- 
ta-processing.  as  a  number  of  different  methods  can  be  applied. 

After  an  estimation  of  the  influence  of  these  parameters  an  ex¬ 
periment  is  performed,  where  the  parameters  can  be  verified. 

The  experiment  is  set  up  in  a  jet  where  the  degree  of  turbulen¬ 
ce  can  be  adjusted  by  changing  the  axial  position  of  the  measu¬ 
rement  point  in  the  centerline  of  the  jet.  In  this  way  it  is  also 
possible  to  select  the  scale  of  the  turbulence.  The  flow  is  very 
low  turbulent  and  very  well  conditioned  before  it  comes  to  the 
outlet  nozzle  grid.  A  series  of  measurements  are  performed 
with  a  hot-wire  in  the  centerline  of  the  jet.  both  close  to  the 
nozzle  and  at  a  number  of  locations  downstream.  At  the  same 
locations  a  laser  Doppler  Anemometer  is  positioned  in  order  to 
compare  the  measured  turbulence  intensities  and  the  spectra  by 
the  two  measurement  principles.  In  order  to  understand  the  re¬ 
sults  a  number  of  contributions  to  the  variance  of  the  LDA  data 
are  estimated,  both  from  theory  and  from  experimental  verifi¬ 
cations.  The  experimental  parameters  are  evaluated  in  order  to 
find  the  best  possible  selection  of  optical  and  processing  para¬ 
meters. 


Laser  noise 

In  this  work  an  air  cooled  Ar-lon  laser  is  used  This  can  under 
certain  circumstances  cause  problems  The  mechanical  vibra¬ 
tions  from  the  blowers  can  in  a  traditional  optical  system  con¬ 
tribute  to  a  movement  of  the  measurement  volume  and  in  this 
way  cause  an  artificial  contribution  to  the  variance.  This  effect 
is  eliminated  by  using  an  optical  fibre  between  the  measure¬ 
ment  probe  and  the  laser  The  mechanical  vibration  from  the 
blowers  can  also  cause  instabilities  in  the  cavity  of  the  laser 
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.and  in  this  way  cause  additional  noise  in  the  signal  In  this 
work  we  found  no  evidence  for  the  existence  of  such  effects 


The  variance  generated  by  imperfect  alignment  of  the  op¬ 
tics. 

If  a  slight  misalignment  takes  place,  it  can  result  in  a  signif 
cant  variance  of  the  data  due  to  a  varying  distance  between  the 
fringes  in  the  direction  of  the  measurement  volume  This  fact 
has  been  verified  by  several  authors,  the  latest  and  most  tho¬ 
rough  investigation  has  been  performed  by  Miles  and  VVitze  in 
ref.  1.  What  is  interesting  is.  that  there  in  many  situations  is  a 
maximum  of  the  variance  at  a  relatively  small  misalignment, 
while  larger  misalignments  are  causing  less  variance.  In  fig.  I 
a  typical  relation  between  relative  misalignment  and  error, 
which  will  correspond  to  variance,  is  shown  One  method  to 
reduce  the  variance  from  the  misalignment  effect  is  to  reduce 
the  observation  length  of  the  measurement  volume  by  using 
off-axis  reception,  and  specifically  using  a  spatially  limited  re¬ 
ception  volume.  However  this  will  reduce  the  data-rate,  as  only 
particles  passing  the  common  volume  will  contribute  to  the 
signal.  The  influence  from  this  will  be  discussed  later.  An  esti¬ 
mation  of  the  effect  depends  on  many  parameters  Only  one 
example  is  given  in  fig.  I 
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fig.  1  Variation  in  the  fringespacing  at  z=0 

Particle  interaction 

There  has  recently  been  done  some  work  by  Ruck  ref  2,  poin¬ 
ting  at  the  fact,  that  particles  in  the  beams  outside  the  measure¬ 
ment  volume  will  cause  optical  distortions  of  the  fnngepaltem 
in  the  measurement  volume,  and  in  this  way  increase  the  vari¬ 
ance  of  the  data.  It  is  however  more  likely,  that  these  effects 
will  cause  problems  for  the  signal  processor  and  result  in  re¬ 
jected  signals,  rather  than  giving  validated  data  with  an  increa¬ 
sed  variance  As  concluded  in  ref  2  the  distortion  effect  is  re¬ 
duced  when  the  number  of  fringes  used  in  the  determination  of 
the  Doppler  frequency  is  increased.  The  effect  is  minimized  by 
a  low  concentration  of  particles,  which  on  the  other  hand  is  a 
disadvantage  in  the  further  processing  schemes.  The  effect  can 
not  be  completely  disregarded,  but  it  is  difficult  to  quantify 


The  signal  to  noise  ratio 

Although  a  significant  number  of  factors  are  influencing  the 
signal  to  noise  ratio,  and  as  will  be  shown  later  will  influence 
the  final  limitation  for  the  generation  of  a  spectrum,  it  is  im¬ 
portant  to  point  out.  that  the  very  fundamental  parameters  like 
particle  size,  laser  power,  intensity  in  the  measuring  volume 
and  the  receiver  aperture  always  should  be  optimized  in  order 
to  have  the  best  possible  signal  to  noise  ratio 

In  this  experiment  it  is  possible  to  optimize  the  parameters  to 
an  extent,  which  normally  will  be  prevented  by  practical  con¬ 
siderations. 


The  processing  methods 

Although  a  significant  number  of  processing  methods  are  avai¬ 
lable.  there  are  some  basic  limitations  to  the  uncertainty  of  the 
individual  realizations.  If  the  processing  method  is  based  upon 
a  spectrum  analysis  of  the  burst,  the  lowest  relative  uncertainty 
on  the  individual  realization  is  determined  from  ref.3  as 


6u,  l  f  1  /nVl 
"  T.n,  [B\i)  j 


(1) 


where  Tm  «  The  trmnail  time 


B  e  The  bandwidth 


(f) 


The  number  of  fringes 

The  inverse  signal  to  noise  ratio 


From  this  equation  it  is  dear,  that  the  signal  to  noise  ratio  must 
be  held  at  the  highest  possible  level.  On  the  other  hand  it  is  al¬ 
so  clear,  that  even  a  moderate  number  of  fringes  combined 
with  reasonable  transit  time  will  result  in  a  very  low  inherent 
variance  on  the  data  An  other  interesting  fact  is  the  bandwidth 
independence  in  the  parenthesis.  The  ideal  spectrum  analysis 
processor  will  be  independent  of  the  bandwidth.  This  statement 
will  not  hold  in  the  realized  process  as  proved  by  the  experi¬ 
ments. 


The  processing  methods 

In  order  to  compare  two  different  realizations  of  processors,  a 
Dantec  Burst  Spectrum  Analyzer  and  a  Dantec  Flow  Velocity 
Analyzer  are  compared,  when  they  measure  on  the  same  sig¬ 
nal.  The  basic  processing  methods  for  the  two  processors  are 
given  in  fig.  2  and  3.  The  Burst  Spectrum  Analyzer  is  sampling 
the  signal  with  a  4-bit  resolution  and  performing  a  complex 
FFT  on  the  signal,  while  the  Row  Velocity  Analyzer  is  wor¬ 
king  according  to  the  Cross  Covariance  principle.  The  two  pro¬ 
cessors  are  described  in  ref.  4  and  ref.  5  in  more  details  Besi¬ 
des  the  difference  in  measuring  principle,  the  two  processors 
are  also  different  in  operation.  While  it  is  possible  to  optimize 
the  BSA  on  a  number  of  parameters,  the  optimization  of  the 
FVA  is  relatively  limited.  Only  the  range  and  the  validation  le¬ 
vel  can  be  adjusted 
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fig.  2  The  principle  operation  of  the  BSA 


The  theoretical  limitations  in  the  accuracy  of  the  results 
based  upon  the  resolution  of  the  processor 


One  issue  that  has  caused  great  concern  is  the  resolution  on  the 
output  of  the  processors.  This  is  a  bit  strange  as  it  will  be  pro¬ 
ved  to  have  only  a  insignificant  influence  on  the  results  from 
the  process,  independently  if  the  output  is  used  to  form  ordina¬ 
ry  statistical  informations  like  mean  values  and  RMS  values,  or 
it  is  used  to  generate  turbulence  spectra  A  much  more  signifi¬ 
cant  factor  is  the  accuracy  the  processor  is  able  to  provide.  The 
influence  of  the  quantization  on  the  output  can  easily  be  esti¬ 
mated  from  ref.  6 


.  a'  2'* 

°  “  12  “  12 
where  o*  is  the  noise  power 
and  b  is  the  number  of  bits 
A  linle  more  elaboration  will  give 
SNR  =  6b  -  1. 24dB 
A  50  dB  SNR  will  consequently 
require  between  Sand  9 bits 

This  result  is  indicating  the  very  limited  value  in  adding  bits  to 
the  output  of  a  processor.  It  will  only  make  sense  if  the  proces¬ 
sor  itself  has  an  extremely  high  accuracy.  In  most  applications 
the  high  resolution  on  the  output  will  therefore  have  an  insigni¬ 
ficant  improvement  on  the  results. 


(2) 


(3) 


The  influence  of  limited  resolution  on  the  generation  of  tur¬ 
bulence  spectra 


The  somewhat  surprising  result  did  lead  to  a  recalculation  on  a 
recorded  data  file,  where  the  bits  were  removed  one  after  the 
other.  The  results  are  given  in  the  fig.  4a  -  4d.  Also  here  is  a 
clear  indication,  that  the  limitation  in  the  spectrum  does  not 
relate  to  the  limited  resolution,  until  the  resolution  decreases  to 
4  bits.  With  4  bits  the  maximum  span  that  can  be  obtained  is 
according  to  eq  3:  SNR  =  22.76  dB.  According  to  fig  4a  -  4d 
this  is  also  what  can  be  obtained  as  the  ratio  between  the  signal 
and  the  noise  level  For  any  higher  resoli  *ion  than  4  bits  on  the 
output,  the  resolution  has  no  influence  on  the  noisclevel. 
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tig  4a  Turbulence  spectrum  wiih  12  bits  resolution 
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fig  -kl  Turbulence  spectrum  with  4  bits  resolution 

The  experimental  set-up 

The  generation  of  a  Low  T urbulcncc  Jet 

A  low'  turbulent  jet  is  used  to  generate  a  variable  degree  of  tur¬ 
bulence  along  the  axis  The  nozzle  is  shown  in  fig  5  The  de¬ 
gree  of  turbulence  at  the  exit  of  the  nozzle  is  measured  by  a 
hot-wire  system  to  0  4%.  The  low  turbulence  is  achieved  by 
using  a  large  settling  chamber  with  absorbing  walls.  This  is 
combined  with  a  strong  contraction  and  a  configuration  of 
flows! raightners  and  grids  in  order  to  minimize  the  turbulence 

The  nozzle  is  running  at  ail  extremely  constant  velocity  at 
around  5  m/sec.  There  is  no  facility  to  vary  the  vclocitv 


lig  4b  Turbulence  spectrum  with  8  bits  resolution 
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4c  Turbulence  spectrum  with  6  bits  resolution 


The  seeding  sy  stem 

The  seeding  system  is  a  smokegenerator  "Fog  2001"  from 
Dantec- Invent.  The  generator  is  positioned  at  the  intake  to  the 
ventilators  in  the  box  Using  this  seeding  generator,  it  is  possi¬ 
ble  to  adjust  to  any  degree  of  seeding  density  required  As  it 
will  be  discussed  later,  the  maximum  possible  data-rale  is  far 


below  what  is  achievable  from  the  seeding  generator  itself  and 
only  determined  by  (he  transit  time.  Due  to  possible  contami¬ 
nation  of  the  hot-wire  probe,  the  seeding  is  switched  off.  when 
hot-wire  measurements  are  done,  and  the  hot-wire  is  removed, 
when  the  LDA  is  used  It  is  assumed,  that  the  seeding  has  no 
influence  on  the  level  or  development  of  (he  turbulence 

The  Hot-Wire  System 

The  Hot-Wire  system  is  the  Dantec  StreamLine  System  It  is 
used  with  a  Dantec  P01  probe  This  probe  is  not  the  most  ideal 
probe  as  it  is  relatively  long  (3  mm)  however  the  active  area  is 
only  1.25  mm.  The  probe  is  positioned  so  it  is  at  exactly  the  sa¬ 
me  position  as  the  receiving  measuring  volume  This  is  easily 
checked  using  the  large  aperture  receiver  described  in  the  sec¬ 
tion  on  the  LDA  system.  It  is  possible  to  see  the  image  of  the 
wire  on  the  pin-hole  plate  and  adjust  both  the  transverse  posi¬ 
tion  and  the  distance  by  using  the  focus  adjustment.  The  bridge 
is  the  standard  1:20  bridge  combined  with  a  signal  conditioner 
and  and  A/D  converter  to  the  PC.  The  probe  is  calibrated  by 
the  automatic  Dantec  calibration  system  in  the  range  0  -  10 
m/sec. 

According  to  specifications  it  can  be  expected  that  the  hot-wire 
system  is  able  to  measure  a  degree  of  turbulence  lower  than 
0.3%.  This  will  be  sufficient  for  this  application 

The  LDA  System 

An  LDA  System  is  established  to  measure  the  vertical 
component  of  the  flow.  It  consists  of  a  85  mm  diameter 
41X820  Dantec  FiberFlow  Probe  mounted  with  a  55X29 
Beamtranslator  and  a  55X12  Beamexpander.  The  probe  is  able 
to  measure  two  components  of  the  flow,  but  only  one 
component  is  used.  The  probe  is  receiving  the  laser  light  from 
a  60X41  Transmitter  Box.  The  focal  length  is  selected  to  310 
mm  and  the  beamseparation  to  64  mm.  This  will  give  a 
calibration  factor  of  2.504  m/sec/MHz  The  laser  is  an 
aircooled  Ar-Ion  laser  running  at  100  mW.  Due  to  the  low 
laser  power,  the  set-up  has  facilities  to  measure  in  both 
forward  and  back  scatter.  In  the  forward  scatter  set-up  a 
receiving  system  normally  used  in  Particle  Dynamic  Analyzer 
is  used  in  order  to  obtain  a  large  receiving  aperture.  As  the 
purpose  of  this  work  is  to  find  the  limitation  of  the  system,  the 
forward  scatter  configuration  has  advantages  in  terms  of  a 
better  signal  quality  and  therefore  less  added  noise  to  the 
signals. 

Limitation  on  dutu-ratc 

In  the  spectral  measurements  with  the  LDA,  there  is  a  strong 
demand  to  have  the  highest  possible  data-rate  As  it  will  be 
shown  later  in  this  paper,  it  is  realistic  to  measure  turbulence 
spectra  up  to  1/5  of  the  average  data-rate  Several  things  can  be 
done  to  increase  the  data-rate  The  most  natural  thing  to  do  is 
to  increase  the  seeding  density  However,  the  seeding  density 
can  not  be  increased  infinitely  Sometimes  there  is  a  natural  li¬ 


mitation  to  the  seeding  density  imposed  by  the  constraints  on 
the  measurement  set-up.  It  is  not  always  possible  to  add  see¬ 
ding  Even  if  the  seeding  density  can  be  increased,  there  is  a 
fundamental  limit  to  the  data-rate  imposed  by  the  measurement 
volume  size.  When  there  are  two  or  more  particles  in  the  mea¬ 
surement  volume  at  the  same  time,  this  will  usually  not  give  a 
valid  burst.  A  simple  argument  therefore  shows  that 


Dmax  =  |/Al=u/A* 


where  At  is  the  transit  time,  u  the  velocity  and  Ax  the  dimen¬ 
sion  of  the  measurement  volume  in  the  x  direction.  This  gives 
however  a  too  optimistic  estimate,  since  the  particles  usually 
do  not  arrive  equidistanlly. 

If  we  suppose  that  the  seeding  is  uniform,  the  particles  will  ar¬ 
rive  after  a  Poisson  process.  The  probability  to  have  exactly 
one  particle  in  the  measurement  volume  is  given  by 

P1(l)  =  XAle'Mt 


where  k  is  the  seeding  rate  (  the  number  of  particles  passing 
through  the  measurement  volume  per  unit  time  ).  If  we  assume 
that  a  burst  is  only  valid,  when  there  is  exactly  one  particle  in 
the  measurement  volume,  the  valid  data-rate  is  therefore 

Dval,d(^  =  ^Ate'XAt 

This  is  maximum  for 


k  =  2/At 

giving  a  maximum  data-rate  of 


Valid  dala-rate/dl 


fig  6 
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Dma\  =  40  Al  =  0  ^  Al  =  0  5  u/  Ax 

The  figur  6  shows  the  validation  percentage  (the  number  of 
bursts  when  only  one  particle  is  in  the  measurement  volume  at 
a  lime  )  and  the  valid  data-rate 

In  our  experiment  the  Damtec/lnvent  Fog  2001  seeding  gene¬ 
rator  was  used.  With  this  seeding  generator,  it  is  possible  to  va¬ 
ry  the  seeding  rate  to  any  level,  adding  more  seeding,  did  not 
increase  the  data-rate.  The  maximum  data-rate  we  we  able  to 
obtain  was  around  13  -  IS  kHz.  The  average  transit  time  was 
around  0.03  ms  Inserting  this  value  into  the  above  formula  we 
get  a  maximum  data-rate  of: 


Dm,„  =  0  54/At  =  18kHz 
max 

which  ts  in  very  good  agreement  with  the  prediction 

The  T  urbulence  Spectrum 

The  spectrum  is  measured  by  the  Hot-Wire  system  at  a  distan¬ 
ce  of  2  diameters  over  the  nozzle.  At  this  position,  the  turbu¬ 
lence  has  developed  quite  well,  and  it  is  possible  to  detect  the 
structure  The  spectrum  is  in  fig.  7.  Even  here,  the  spectrum  is 
dominated  by  the  generating  frequency  on  100  Hz.  The  decay 
has  a  slope  of  1.89  until  a  frequency  at  1 100  Hz  where  the  slo¬ 
pe  increases  to  3.4.  The  spectrum  is  only  valid  to  8  kHz,  where 
noise  is  taking  over.  The  peak  at  14  kHz  is  electronic  noise. 


Measurement  of  turbulence  level  and  measurement  of 
turbulence  spectra  using  the  FVA 

In  the  region  close  to  the  outlet,  the  flow  is  entirely  dominated 
by  the  fundamental  frequency  from  the  outlet,  and  it  is  not  pos¬ 
sible  to  receive  information  on  the  spectrum,  neither  from  the 
CTA  nor  from  the  FVA.  There  are  a  number  of  peaks  existing 
both  in  the  spectrum  from  the  CTA.  and  from  the  spectrum 
from  the  FVA.  The  peaks  can  not  be  related  to  any  well  defi¬ 
ned  frequency  in  the  system,  so  at  the  present  time,  we  have  no 
explanation  for  these  peaks. 


fig-  8 

In  order  to  evaluate  to  which  limitation,  it  is  possible  to  get  re¬ 
liable  information  from  the  spectrum  all  the  remaining  measu¬ 
rement  were  made  at  a  height  of  2  diameters  above  the  nozzle. 
As  a  reference  all  the  measurements  are  compared  to  the  CTA 
measurements.  In  the  processing  a  number  of  parameters  can 
be  changed  for  evaluation  of  the  effect  from  different  proces¬ 
sing  schemes. 

If  a  2  times  oversampling  is  used,  the  minimum  bias  window 
and  no  noise  correction  is  applied  the  result  is  shown  in  fig.  9. 
Both  the  variance  and  the  noise  is  dominating  at  a  relatively 
high  level,  in  this  case  10'^. 
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If  4  times  oversampling  is  used  and  a  minimum  bias  window  is 
applied  with  a  width  of  0. 125  and  no  noisecorrection  is  applied 
the  result  is  shown  in  fig  10.  The  variance  is  now  suppressed 

-8 

significantly  and  the  noiselevel  is  now  close  to  10  .  In  rela¬ 
tion  to  the  maximum  achievable  data-rate  at  13  -  14  kHz  the 
spectrum  is  now  coming  to  3  kHz.  very  well  according  to  the 
previous  statements 


—  LDA 
CTA 

— -  NoatUxl 


fig  10 

If  4  times  oversampling  is  used  and  a  minimum  bias  window 
and  noisecorrection  is  applied,  the  best  result  is  obtained  This 
is  given  in  fig.  11 


fig.  11 


The  limitations  to  the  estimation  of  the  spectrum 

If  the  best  possible  choice  is  taken  in  terms  of  oversampling, 
windowing  and  noisecorrection.  and  the  number  of  samples  are 
limited  to  app  1  mill  samples,  the  best  spectrum  in  terms  of 
low  variance  and  low  noise  is  displayed  in  fig  11  In  this  figu¬ 
re.  it  is  displayed  with  the  CTA  spectrum  measured  at  the  same 


position  If  a  higher  frequency  should  be  measured,  it  will  be 
necessary  to  reduce  the  probevolume  further.  This  will  howe¬ 
ver  lead  to  other  limiting  factors. 

Using  the  information  for  the  highest  possible  data-rate  and  the 
5  times  oversampling  mentioned  in  the  ’Limitation  on  data-ra- 
le  section’,  it  can  be  concluded,  that  the  maximum  frequency, 
that  can  be  obtained  will  be: 


where  ux  is  the  mean  velocity  and  Ax  is  the  1/e"  dimension  of 
the  measurement  volume  in  the  x  direction.  In  the  present  ex¬ 
periment  ux  is  5  m/sec  and  Ax  is  150  /a.  The  predicted  maxi¬ 
mum  frequency  will  be  3  kHz.  which  is  also  seen  from  fig.  1 1. 

Summery  and  Conclusion 

The  maximum  frequency,  that  can  be  determined  in  a  spectrum 
based  upon  LDA  measurements,  is  found  from  theory  and  veri¬ 
fied  experimentally.  A  number  of  the  limiting  factor  in  estima¬ 
tion  of  spectra  are  described.  The  following  can  be  concluded: 

1.  It  is  possible  to  make  reliable  spectra  with  LDA,  which  will 
follow  those  obtained  by  CTA  to  a  large  extent,  only  limited 
by  the  data-rate  and  the  practically  obtainable  SNR 

2.  It  is  important  to  have  a  good  SNR 

3  The  arrival  time  registration  is  important 

4  Improved  resolution  on  the  processor  does  not  improve  the 
spectrum  The  quantization  noise  is  normally  far  below  the  in¬ 
herent  noise  in  the  signal. 

5.  There  is  a  maximum  data-rate  for  a  given  transit  time,  that 
can  not  be  surpassed,  additional  seeding  will  decrease  the  data- 
rate. 


6  By  proper  processing,  it  is  possible  to  suppress  the  noiscle- 
vel  by  almost  one  decade. 
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ABSTRACT 

A  three-dimensional  evaluation  is  made  of  the  spectral 
bias  in  the  use  of  a  laser  Doppler  velocimeter  (LDV).  An 
improved  version  of  autoregressive  vector  model  is  proposed. 
The  particle  arrival  time  statistics  are  modeled  as  a  doubly 
stochastic  Poisson  process.  Four  well-known  spectral 
algorithms,  which  are  the  sample  and  holds  interpolation 
method  (SH),  the  non  uniform  Shannon  reconstruction 
technique  (SR),  the  direct  transform  method  (RG).  and  the 
transit  time  weighting  method  (TW).  are  compared  with  the 
theoretical  spectra  for  various  sampling  and  flow  conditions. 
Assessment  is  made  of  these  processing  algorithms  over  a 
broad  Tange  of  data  densities  (0.05Sd.d.S5)  and  turbulence 
levels  (l.i.=0.3,  1.0).  The  influences  of  the  ratio  of  the 
minimum  number  of  zero-crossings  to  the  maximum  fringe 
number  (Q),  and  the  frequency  shifting  on  spectral  distortion 
are  also  examined. 


1.  INTRODUCTION 

The  power  spectral  analysis  of  fluid  velocity  by  laser 
Doppler  velocimeter  (LDV)  is  crucial  to  the  understanding  of 
dynamic  characteristics  in  turbulent  Helds.  Most  of  the 
experimental  works  estimating  the  power  spectra  have  been 
made  with  the  conventional  thermal  probes.  However,  due  to 
their  limitation  in  tracking  high  turbulent  fluctuations  and  the 
hostility  to  discriminating  the  flow  directions,  they  are  not 
well-suited  for  the  measurement  of  recirculating  flows  with 
high  turbulence  intensity.  In  spite  of  the  adequacy  of  LDV  to 
the  aforestated  flow  situations,  relatively  scarce  studies  have 
been  reported  concerning  the  power  spectral  estimations  with 
LDV.  One  reason  of  these  rarities  is  that  the  probabilistic 
nature  of  sampling  limes  in  a  burst  type  LDV  is  conditional 
Poisson  depending  on  the  system  parameters  and  velocity 
fields.  Since  Gaster  and  Roberts  (1977)  have  devised  the 
direct  estimator  based  on  random  sampling  limes,  which  is 
basically  independent  of  the  velocity  field,  the  attention  of 
recent  studies  has  been  gradually  moved  to  the  precise 


evaluations  of  spectra  including  the  effect  of  sampling 
conditions  and  flow  conditions  on  sampling  limes  (Buchhave  el 
al.  1979;  Tropea  1987,  Adrian  &  Yao  1987;  Veynante  & 
Candel  1988;  Lee  &  Sung  1994).  As  the  probability  of 
sampling  times  invokes  significant  implicit  nonlinearities  into 
the  sample  function  density  of  flow  field,  the  theoretical 
approach  to  spectral  estimation  is  highly  subjected  to 
restriction.  Furthermore,  the  experimental  verification  of  the 
variability  and  the  spectral  bias  is  also  limited  without  a 
confident  measurement  system  or  estimation  technique, 
especially  in  a  three-dimensional  high  turbulent  flow  field. 
Systematic  assessment  of  statistical  estimators  through 
numerical  simulations  containing  the  various  sources  causing 
the  sampling  bias  is,  therefore,  an  attractive  route  to  clarify  the 
errors  and  the  confidence  limit  of  estimators. 

In  order  to  analyze  the  spectral  information  properly 
obtained  from  applicable  turbulent  fields  with  LDV,  a  reliable 
spectral  estimator  appropriate  to  the  flow  condition  should  be. 
of  course,  selected  at  first.  The  main  purpose  of  this  paper  is 
to  examine  available  ranges  of  various  spectral  estimators  and 
to  enlarge  the  comprehension  of  the  spectral  bias  induced  by 
essential  turbulent  quantities  and  sampling  parameters.  For 
the  systematic  evaluation  of  several  spectral  estimators, 
numerical  comparisons  are  made  with  the  known  spectra, 
which  is  obtained  from  the  analytical  derivations  from  the 
given  autoregressive  model  (Tropea  1987;  Lee  &  Sung  1994). 
Variations  of  sampling  parameters  pertaining  the  bias  in  LDV 
are  selected  over  a  wide  range,  such  as  the  data  density 
(d.d^X^Tj),  the  relative  velocity  magnitude  by  frequency 
shifting  (R  =  u,  /  U  )  and  the  ratio  of  the  minimum  number  of 
zero-crossings  N,  to  the  maximum  fringe  number  N, 
(Q=N,  /Nf),  assuming  a  counter  type  signal  processor. 
Furthermore,  the  influence  of  turbulent  quantities  on  spectral 
bias,  i.e.,  the  turbulent  intensity  (t.i.=oa/U)  and  the 
Reynolds  shear  stress  coefficients  (R„  =< u.w,  >/(o„0. ). 
R„  =<v,w1  >/(0,0. )  and  R„  =<  v.w,  >/(0.0.)),  is  also 
systematically  scrutinized. 

Statistics  of  the  panicle  arrival  times  with  bias  arc 
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generally  modeled  as  a  doubly  stochastic  Poisson  process 
which  is  a  conditional  Poisson  process  with  the  temporal 
expected  rale  parameter  depending  on  the  velocity  fields  and 
various  sampling  conditions,  which  include  the  type  of  signal 
processor  and  the  optical  parameters  (McDougaJl  1980).  An 
autoregressive  vector  model  with  specified  second-order 
moments,  is  adopted  to  construct  a  primary  velocity  field 
(Buchhave  et  al.  1990;  Fuchs  et  al.  1992).  It  is  then  utilized  to 
construct  an  Poisson  process  conditional  on  the  invertible 
mean-value  function  of  velocity  fields  and  sampling  parameters 
by  the  time-axis  transformation  (Snyder  1975). 

As  indicated  by  Fuchs  el  al.  (1992),  if  the  experiment  is 
performed  in  high  turbulent  flow  fields,  e.g.,  the  recirculating 
flow  behind  a  backward-facing  step,  the  instantaneous  data 
rate  is  influenced  not  only  by  the  velocity  component  u,  to  be 
measured  but  also  by  other  subsidiary  components,  i.e.,  the 
transverse  component  v<  and  span  wise  component  w, .  These 
subsidiary  components  cause  the  substantial  nonlinear  change 
of  the  correlation  between  the  sampling  process  and  the 
velocity  field,  and  then,  they  yield  statistical  bias  in  a  nonlinear 
fashion.  This  aspect  strongly  calls  for  the  three-dimensional 
treatment,  in  which  the  problem  of  three-dimensional  spectral 
bias  is  also  accompanied  concummlly.  In  order  to  resolve  this 
spectral  bias,  the  generation  process  of  a  three-dimensional 
autoregressive  model  should  be  preceded.  It  is  notable  that 
two  recent  studies  have  been  attempted  to  develop  the 
generation  procedures  from  three-dimensional  turbulent  flow 
fields  with  the  prescribed  statistical  parameters  for  evaluating 
the  sutistical  bias  (Buchhave  et  al.  1990;  Fuchs  et  a).  1992). 
However,  it  is  revealed  that  the  mode!  of  Buchhave  et  al. 
(1990)  did  not  consider  the  dependency  of  spanwise  component 
w,  on  other  velocity  components,  i.e.,  u,  and  vt. 
Furthermore,  these  previous  models  were  not  adequate  for  a 
qualitative  comparison  between  the  spectral  results  from  one¬ 
dimensional  velocity  field  and  those  from  three-dimensional 
velocity  Held  unless  the  autoregressive  parameters  are  fixed  al 
certain  values.  In  the  present  study,  a  promising  three- 
dimensional  generation  process  is  developed.  The  present 
model  improves  these  pnor  drawbacks  and  the  detailed 
generation  procedure  will  be  recapitulated  in  section  2. 

With  a  view  toward  extending  the  preceding  two- 
dimensional  approach  (Lee  &  Sung  1994),  this  paper  presents 
a  full  three-dimensional  assessment  of  spectral  bias  in  LDV. 
Toward  this  end,  four  well-known  processing  algorithms  for 
spectral  estimation  are  evaluated  from  nonuniformly  spaced 
samples.  The  first  is  known  as  the  direct  transform  of  Roberts 
and  Gaster  (1980).  This  approach  is  based  on  the  random 
sampling  instants  and  the  assumption  of  arrival  process  which 
is  independent  of  the  velocity  field.  Hereafter,  this  method  is 
designated  by  RG.  In  order  to  verify  the  capabilities  of  the 
transit  time  weighting  method  (hereafter  referred  to  as  TW)  of 
Buchhave  (1979)  for  the  case  of  low  data  density  and  high 
turbulent  intensity,  TW  is  evaluated.  In  the  present  spectral 
estimation,  the  transit  time  simulator  developed  by  Buchhave 


et  al.  (1990)  is  employed,  where  the  values  of  transit  tune  arc 
utilized  in  the  spectral  estimation.  In  the  third,  the  random 
sampling  sequences  are  periodically  resampled  by  the  sample 
and  hold  interpolation,  and  the  resulting  time  series  is  applied 
to  a  conventional  periodogram  to  obtain  a  power  spectral 
density  function  (denoted  by  SH).  The  last  is  the  nonuniform 
Shannon  reconstruction  algorithm  (SR)  for  randomly  sampled 
data,  and  the  way  of  obtaining  power  spectra  is  similar  to  the 
above-stated  SH.  (Veynantc  &  Candcl  1988).  Details 
regarding  the  aforestated  construction  algorithms  are  well 
compiled  in  Lee  and  Sung  (1994). 

2.  THREE-DIMENSIONAL  VELOCITY  FIELD 

The  present  section  describes  the  three-dimensional 
generation  procedure  of  velocity  field  using  a  first  order 
autoregressive  vector  model  (ARV).  As  in  the  two- 
dimensional  generation  process  by  Lee  and  Sung  (1994),  the 
first  order  ARV  can  be  specified  by  three  autoregressive 
parameters: 

+  a-. 

v.=0av,-. +a«.  (1) 

w,=t>«w.-,  +  a«- 

where  ,  a"n  and  a’m  are  mutually  correlated  random  numbers 
with  Gaussian  probability  distribution.  The  uncorrelatcd 
random  numbers  aM,  a„  and  am  can  t>c  extracted  from  the 

correlated  random  number  vector  a'  by  using  a  symmetric 
transformation  matrix  0 : 

u,  =fnu.-i+ena-+e.2a-+e,ia«. 

v, =Oov,-,+0|Ja-  +  0Ha-+e2,a«  (2) 

w,  =0„w1.1+e„a„+e„a„  +e„a„. 

In  order  to  determine  ©  from  the  statistical  moments,  the 
components  of  vector  a,  should  be  prescribed  to  have  unit 
variance  and  zero  mean.  By  forming  the  expected  values  of 
products  of  velocity  samples,  the  following  relations  can  be 
derived  for  the  transformation  variables  of  0  based  on  the 
preadjusted  Reynolds  stress  coefficients  and  the  corresponding 
autoregressive  parameters; 

0-»>:  =  e?,+e?,+e?,. 

(i-t»L)a!=0?,+eL+e|,. 

(i-<t>l,)oi=el>,+ej,+ej). 

-(1  -0„6U  )R„o„o.  =e„e,3  +  e„eu  +  e„e„.  (3) 

-0  -  ♦i.o„  >R„o„°.  =  8,101,  +  e„e„  +  e„e„ . 
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-(1  -  qaq„  )R„o.o.  =  e.jfl,,  +  e„e„  +  e„e„ . 


whore  the  Reynolds  stress  coefficients  are  denoted  as. 


R. 


<U,V.  > 

o.o. 


R» 


<u,w,  > 

0.0. 


,  and  R„ 


<v,w,  > 
0.0. 


The  matrix  8  is  obtained  by  solving  Eq.  (3)  iteratively. 
Note  that,  since  the  left  hand  side  of  Eq.  (3)  may  not  guarantee 
nonnegative  definite  in  matrix  form,  it  is  hard  to  decompose 
the  right  hand  side  into  two  triangular  matrices  as  the  case  in  a 
two-dimensional  field  (Lee  &  Sung  1994).  The  covariance 
functions  are  rearranged  as  one  following  equation  by  taking 
product  of  "t"-th  sample  and  "l-k"-ih  sample: 


r‘^,(k)=r^.  (4) 

where  denotes  <OtiP|  >. 

The  expected  spectra  can  be  calculated  after  some 
algebraic  manipulations  with  the  aid  of  Z-iransformation  and 
matrix  techniques  as  follows: 


E  (f)= _ 2U~9?i)o* 

*  l  +  $fi -20ncos2nf ' 

e„(d= — _ f 

1  +  4>jj-2$22 cos 2itf  ' 

E„(f)= _ 2U-0>i)oj 

1  +  $ij  -  29„  cos  2rtf  ’ 


(5) 


3.  GENERATION  OF  CONDITIONAL  POISSON  SAMPLING 
PROCESS 

In  LDV  measurements,  the  conditional  mean  occurrence 
rate  a'  which  the  panicles  pass  through  the  measuring  volume 
is  known  as  (Buchhave  et  al.  1979;  McDougall  1980) 


X,  =CI  V ,  IA(  V ,)  (6) 

where  A  is  the  cross-sectional  area  of  the  measuring  volume  in 

— $ 

the  plane  normal  to  the  velocity  vector  V,  and  C  is  the  mean 
concentration  of  panicles.  However.  Eq.  (6)  is  constructed  on 
the  assumption  that  the  particles  arc  uniformly  distributed  in 
space,  i.c.,  a  constant  value  of  C,  and  the  velocity  gradient  is 
not  seriously  changed  in  the  vicinity  of  the  measuring  volume. 
If  we  look  into  the  probe  volume,  it  is  approximated  by  an 
ellipsoid,  which  is  enclosed  by  1/e3  boundary  of  the 
modulation  depth  of  the  fringe  pattern  existing  in  the 
intersection  region  of  laser  beams.  Furthermore,  the  condition 
for  a  signal  measurement  assuming  the  use  of  a  counter  type 
signal  processor  makes  the  precise  derivation  of  X, 
(McDougall  1980): 


^C^icos(e/2)coi(e/2) 

4 

X.  =(  +  v?  sec* (8/2)+  wj  tan1  (6 / 2)  *,  x>0,  (7) 

\0.  X  c  0 


E-(f)=  (-2(l-V*ia)Ri.o>a,[l  -t-9,,9^ -(9„  )cos2nf 
-0*  )sin2nf  ])  /  ((1  +  9„qu  )*  +  qj,  +  q^ 

-2(1  +  tM,,  )(9, ,  +  qa  )cos  2  nf  +  29M9„  cos  4  rtf ) 


E_<O={-2(l-0110„)Rwo.o<,[l+9ll0„-(011+91J)cos2nf 
+«(♦„  -  )sin2nf  ])  /  ((I  +  qnq„  y  +  qj,  +  q  j, 
~2(l+qllq„)(ql,  +  q„)cos2nf  +  2911q„cos47tf| 


E~ (f  >  *  H2(l  -  quq„  )R  „c,o.  [1  + q„q„  -  (9  „  +  6„ )  cos  2  nf 
+i(9„  ~4>„)sin  2nf)J  /  Kl+q^q,,)’  +q{,  +9}, 
-2(l+qnq„Kq„  +q,j)cos2nf  +  2quq„cos4)tf) 


E.<0=E,(-f).  E„(f  )=  E„(-f).  E_(f)=E_(-f). 


In  the  above,  in  order  to  simulate  the  given  flow 
conditions,  the  mean  velocity  vector,  the  r.m.s.  vector  and  the 
Reynolds  stress  coefficients  should  be  prescribed.  The 
transformation  matrix  ©  in  Eq.  (3)  is  obtained  by  an  iterative 
method  or  an  optimal  solution  procedure. 


where  x  =  D - : - r-(uf  +  v?  secl(6/2)  +  w|  tan1  (0/2))). 

(uf+u.r 


N(,  d,  and  0  denote  respectively  the  number  of  fringe  plane 
intervals,  the  fringe  spacing  and  the  angle  between  the  laser 
beams.  The  parameter  Q  is  defined  as  the  ratio  of  the 
minimum  number  of  zero-crossings  N,  to  the  maximum  fringe 


number  Nf.  u,  is  the  velocity  magnitude  by  frequency 
shifting.  If  we  use  other  types  of  signal  processors,  Eq.  (7)  can 
be  slightly  modified  according  to  the  knowledge  of  their 
characteristics.  Once  a  primary  velocity  field  is  made,  a 
Poisson  sampling  process  with  X,  in  Eq.  (7)  is  generated 
subsequently  by  a  nonlinear  arrangement  of  time  axis  of  a 
homogeneous  Poisson  process  with  unit  intensity  (Lee  &  Sung 
1994). 

In  an  effort  to  examine  the  relation  between  the  mean 
sampling  rate  and  the  effective  bandwidth  pertaining  the 
significant  spectral  contents  contained  in  flow,  it  is  common 
practice  to  define  a  non-dimensional  data  density.  If  the  Taylor 
micro  time  scale  is  used  as  a  flow  characteristic  time  scales  of 
second  order  moments,  which  is  defined  by 
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\=a,l-J<(du/d  t)J  >  ,  the  data  density  (d.d.)  is  a  measure  of 
mean  number  of  sampling  during  the  periods  of  one  standard 
deviation  change  of  the  random  velocity  u(t): 

d.d.^X.T,  (8) 

where  Xm  is  the  mean  sampling  rate  or  the  average  intensity  of 
sampling  process.  Three  regions  of  data  density  are  defined  in 
this  paper,  as  were  classification  by  Edwards  (1987);  i.e., 

d.d. >5,  for  high  data  density, 

5&d.d.20.05,  for  intermediate  data  density,  (9) 

0.05>d.d.,  for  low  data  density. 

4.  RESULTS  AND  DISCUSSION 

For  a  quantitative  measurement  of  spectral  bias  by  means 
of  the  present  stochastic  simulations,  a  large  number  of 
secondary  samples  and  consequent  averages  are  required  to 
reduce  the  statistical  variability  to  an  acceptable  level.  In  these 
respects,  secondary  samples  of  200,000  are  generated  in  this 
study.  The  short  block  with  fixed  length  of  1,024  normalized 
times  is  used  for  averaging  operations,  which  renders  final 
spectra  to  be  adequate  for  the  study  of  spectral  bias.  However, 
as  is  well-known,  in  the  first  two  processing  methods  (RG  and 
TW)  based  on  random  sample  times,  a  satisfactory  alleviation 
of  high  frequency  variability  is  generally  difficult.  Two  values 
of  turbulent  intensity,  based  on  the  streamwise  components, 
are  typically  chosen  as  the  low  and  high  turbulence  flow,  i.e., 
t.i.=0.3  and  1.0,  respectively.  In  the  present  three-dimensional 
calculation,  the  unit  mean  is  assigned  to  all  components  of 
velocity.  The  r.m.s.  values  of  lateral  components  ( v(  and  wt ) 
take  an  equal  value  of  the  streamwise  component  (ut). 
Standard  values  of  several  optical  variables,  i.e.,  the  laser 
beam  half-angle  (6  ),  the  number  of  fixed  fringes  along  the 
center  of  measuring  volume  (N, ),  and  the  fringe  spacing  (d,) 
are  specified  on  the  present  calculation;  8  =  11.04',  N,=55.93 
fringes  and  d,  sS^xlO^m.  respectively,  where  these  are 
from  the  commercially  used  LDV  system  with  Hc-Ne  laser. 

The  computed  spectra  obtained  from  the  present  three- 
dimensional  flow  field  are  shown  in  Fig.  1  with  the  expected 
spectrum  for  d.d.=0.05  and  t.i.=  1.0,  which  simulates  an  ideal 
processor  (Q=0.0).  It  should  be  noted  that  the  large  variation 
at  high  frequencies  owing  to  variability  has  been  trimmed. 
Thus,  the  plotted  signal  lines  contain  high  variations  at  high 
frequencies.  The  known  expected  spectrum  is  represented  by 
the  thick  solid  line.  Among  the  results,  RG  and  TW  produce 
qualitatively  agreeable  results  with  the  expected  value  at  low 
frequencies.  However,  the  estimated  spectra  from  these 
methods  are  not  guaranteed  to  be  nonnegalive.  which  generally 
causes  the  negative  values  at  high  frequencies  like  the 
Blackman-Tukey  method.  Furthermore,  since  the  transit  time 


Fig.  1  Comparison  of  the  computed  power  spectra  for  d.d.=0.05 

and  t.i.=1.0;  R„=0.0.  Ru.=0.0,  =0.0.  R=0.0.  and 

Q=0.0 

in  the  transit  time  weighting  method  (TW)  behaves  as  another 
sample  function  of  the  stochastic  process,  the  spectral 
variability  is  accelerated  due  to  the  variability  induced  by 
random  sampling  times.  As  a  result,  the  increased  variability 
of  TW  leads  to  the  reduction  of  analyzable  frequency  support 
rather  than  RG.  The  first  negative  values  of  TW  are  observed 
almost  earlier  than  RG.  As  compared  with  the  previous  results 
obtained  from  one-  or  two-dimensional  flow  fields  (Lee  & 
Sung  1994),  it  can  be  observed  that  the  spectral  bias  in  RG  is 
slightly  decreased  in  the  present  three-dimensional  field.  As 
addressed  by  previous  authors  (Tropea  1987;  Lee  &  Sung 
1994),  however,  it  is  seen  that  the  results  of  SH  and  SR  arc 
affected  mainly  by  data  densities  rather  than  turbulent 
quantities  . 

When  the  data  density  is  high  enough  (d.d.=5.0),  while 
the  turbulent  intensity  remains  unchanged  (t.i.=1.0),  the 
spectra  from  four  processing  algorithms  are  represented  in  Fig. 
2.  Two  resampling  methods  (SH  and  SR)  and  TW  give 
allowable  results  in  the  low  frequency  region  (fSO.l).  A 
global  inspection  of  Figs.  1  and  2  reveals  that  the  use  of  TW  is 
quite  reasonable  for  qualitative  spectral  analysis  in  high 
turbulent  flow.  However,  TW  has  the  following  problems,  i.e., 
the  difficulties  are  encountered  in  the  exact  measurement  of 
the  transit  time  experimentally.  Note  that  Buchhave  et  al. 
(1990)  dealt  with  this  topic  through  the  simulation  as  well  as 
experiment.  It  is  shown,  however,  that  the  experiment  was  not 
well  consistent  with  the  simulation. 

Consider  now  the  dependence  of  spectral  estimates  on  the 
factor  Q,  which  is  the  ratio  of  the  minimum  number  of  zero- 
crossings  to  the  maximum  fringe  number.  In  this  calculation, 
we  employ  the  count-mode  in  which  the  only  one  measurement 
is  validated  per  burst,  if  zero-crossings  exceed  a  fixed  number 
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Fig.  2  Comparison  of  (he  computed  power  spectra  for  d.d.=5.0 
and  t.i.=1.0;  R„  =0.0.  R„  =0.0.  R„  =0.0,  R=0.0,  and 
Q=0.0 

N. .  In  order  to  disclose  the  effect  of  Q  clearly,  a  large  value  of 
Q  is  chosen  (Q=0.57).  As  shown  in  Fig.  3,  the  large  spectral 
bias  is  displayed  for  the  random  sampling  techniques  (RG  and 
TW).  While  the  two  resampling  methods  (SH  and  SR) 
produce  relatively  allowable  results,  it  is  seen  that  the  transit 
time  weighting  over  sampling  bias  is  substantial.  For  the 
spectra  predicted  by  SH  and  SR  in  comparison  with  Fig.  2,  the 
overprediction  at  low  frequencies  and  slight  attenuation  at  high 
frequencies  are  displayed.  As  apparently  seen  in  Eq.  (7),  Q 


Fig.  3  Comparison  of  the  computed  power  spectra  for  0=0-57; 
d.d.=5.0, t.i.=1.0,  R„  =0.0,  R„=0.0.  R„  =0.0, and 
R=0.0 


Fig.  4  Comparison  of  the  computed  power  spectra  for  Q=0-57 
and  R=5.0;  d.d.=5.0,  t.i.=  1.0,  Rw  =0.0,  R„=0.0, 
R„=0.0 

acts  as  a  strong  function  of  changing  the  instantaneous 
sampling  rale  X, .  It  is  also  observed  that  a  finite  value  of  Q 
enhances  significantly  the  sampling  bias,  and  finally  it  leads  to 
an  unfavorable  spectral  distortion. 

Inspection  of  spectral  bias  is  extended  to  the  effectiveness 
of  frequency  shifting  in  Fig.  4.  Here,  the  required  zero¬ 
crossing  for  a  measurement  is  the  same  as  in  Fig.  3.  Spectral 
bias  caused  by  the  finite  value  of  Q  is  profoundly  reduced  with 
frequency  shifting  (R=5.0).  Since  most  of  realistic  burst  type 
processors  have  the  validation  circuits,  like  a  part  of  Q  in  the 
present  study,  an  appropriate  frequency  shift  is  required  for  the 
consideration  of  the  quantization  error,  where  the 
determination  of  Doppler  frequency  and  transit  times  are 
closely  related  to  the  amount  of  frequency  shift. 

Since  the  spectral  components  at  high  frequencies  in 
logarithmic  scales  are  smaller  than  those  at  low  frequencies  in 
an  absolute  sense,  the  quantification  of  averaged  overall  error 
is  inevitable  to  analyze  the  spectral  error  effectively.  In  the 
present  study,  the  following  averaged  error  base  is  proposed: 

"/znK-6-"6-!  <"» 

where  E„  is  the  expected  spectrum  and  L  is  the  estimated 
spectrum.  N  denotes  the  number  of  spectral  components  to  be 

N 

compared  and  the  norm  is  defined  as  |  E_  |’  =  E^(f ) . 

1-1 

Since  negative  values  are  always  happened  in  spectra  obtained 
from  the  random  sampling  methods,  it  is  generally  difficult  to 
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d.d. 

Fig.  S  Comparison  of  the  averaged  overall  spectral  errors  for 

one-dimensional  turbulence;  t.i.=  1.0,  R=0.0,  and  Q=0.0 

compare  the  spectral  errors  from  the  random  sampling  methods 
with  those  from  the  resampling  techniques  directly.  Therefore, 
the  present  error  calculations  are  subjected  to  the  range  f  <  0. 1 
for  d.d.>0.05  and  f£0.05  for  d.d. SO. 05.  These  ranges  are 
appropriate  for  a  confident  error  estimation  in  the  low 
frequency  region.  However,  these  are  not  sufficient  for  the 
study  of  high  frequency  attenuation,  which  is  shown  in  the 
resampling  spectra. 

The  averaged  overall  spectral  errors  for  one-and  three- 
dimensional  simulation  results  are  shown  in  Figs.  5-6. 
Comparison  of  Figs.  5  and  6  (b)  reveals  that  spectral  errors 
produced  by  RG  postulating  the  homogeneous  Poisson  process 
in  sampling  limes  are  discemibly  reduced  for  the  case  of  three- 
dimensional  flow.  Since  the  integration  of  spectral 
components  provides  the  r.m.s.  value,  the  aforcstaied  eminent 
result  may  be  at  first  glance  inconsistent  with  the  r.m.s. 
estimates  using  the  unweighted  method  by  Buchhave  el  al. 
(1990).  It  means  that  larger  positive  bias  is  detected  in  their 
results  for  the  case  of  three-dimensional  flow  (t.i.=1.0).  As  is 
well  known  in  turbulent  flows,  most  of  energies  are 
concentrated  in  large  scales,  i.e..  low  frequency  ranges.  For 
one-dimensional  case,  large  spectral  distortion  of  RG  is 
distributed  in  high  frequencies,  whereas  the  spectral  bias  of 
RG  for  three-dimensional  case  is  relatively  small  in  high 
frequencies.  It  implies  that  the  spectral  energy  for  one¬ 
dimensional  case,  which  contains  smaller  energy  in  low 
frequency  region  than  the  three-dimensional  flow,  increases 
rapidly  with  frequencies  rather  than  that  of  three-dimensional 
case.  Consequently,  the  averaged  overall  spectral  error  of 
three-dimensional  case  is  smaller  than  that  of  one-dimensional 
case  in  an  absolute  sense.  The  spectral  error  by  TW  is 
attributed  mainly  to  the  variability  rather  than  the  spectral  bias. 
Based  on  the  spectral  error  produced  by  S H  for  d.d.=  l,  over 
which  SH  gives  agreeable  results  as  previously  mentioned  by 
Lee  and  Sung  (1994),  the  TW  estimation  is  marginally 
acceptable  for  low  data  densities.  In  order  to  estimate  the 
spectra  quantitatively  by  TW,  an  appropriate  smoothing 
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Fig.  6  Comparison  of  the  averaged  overall  spectral  errors  for 
three-dimensional  turbulence;  R^  =0.0,  R„  =  0.0 . 

R„  =0.0,  R=0.0.  and  Q=0.0:  a)  t.i.=0.3;  b)  t.i.=  1.0 


d.d. 

Fig.  7  Comparison  of  the  averaged  overall  spectral  errors  for 
three-dimensional  turbulence;  t.i.=  1.0,  R^  =0.0. 

R„  =  0.0,  R„=0.0,R=0.0,  and  Q=0.57 
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estimates  rather  than  the  random  sampling  methods. 


Fig.  8  Comparison  of  the  averaged  overall  spectral  errors  for 

three-dimensional  turbulence;  t.i.=1.0,  Rb  =0.0, 

R„  =0.0,  R„  =0.0,  R=5.0.  and  Q=0.57 

operation,  such  as  a  frequency  window,  should  be  developed. 
For  d.d.2 1 ,  the  spectra  by  resampling  techniques  (SH  and  SR) 
present  relatively  good  estimates.  In  Fig.  6  (a)  and  (b),  the 
spectral  bias  of  TW  is  slightly  changed  with  the  variations  of 
turbulent  intensity.  It  is  thought  that  the  stability  of  TW  is 
decreased  as  the  turbulence  intensity  increases. 

Figures  7  and  8  summarize  the  discussion  on  the  finite 
value  of  Q  and  the  usefulness  of  frequency  shifting  (R) 
quantitatively.  It  is  shown  that  the  random  sampling  methods 
(RG  and  TW)  are  influenced  by  the  finite  value  of  Q  than  the 
resampling  methods  (SR  and  SH). 

5.  CONCLUSION 

In  order  to  resolve  the  spectral  bias  in  three-dimensional 
turbulent  flow  fields,  a  promising  three-dimensional  generation 
process  was  developed.  The  present  model  is  adequate  for 
qualitative  and  quantitative  comparisons  between  the  spectral 
results  from  one-dimensional  velocity  field  and  those  from 
three-dimensional  velocity  field.  Four  spectral  processing 
algorithms,  i.e.,  SH,  SR,  RG  and  TW,  respectively,  were 
assessed  numerically  to  estimate  the  spectral  bias  over  wide 
range  of  data  densities  (0.05sd.d.S5)  and  turbulence  levels 
(t.i.=0.3,  1.0).  Furthermore,  the  influence  of  turbulent 
quantities  and  system  parameters  (Q  and  R)  on  spectral  bias 
was  also  scrutinized.  The  spectral  errors  produced  by  RG  from 
the  three-dimensional  flow  are  reduced  rather  than  those  from 
the  one-dimensional  flow.  It  reflects  mainly  the  fact  that  the 
spectra]  error  from  the  one-dimensional  flow  increases  rapidly 
with  frequencies  rather  than  the  case  of  three-dimensional 
(low.  The  TW  estimation  is  marginally  acceptable  flow  for 
low  data  density.  For  d.d.21.0,  the  spectra  from  the 
resampling  techniques  (SH  and  SR)  present  relatively  good 
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ABSTRACT 

Hie  defibrator  is  an  important  process  component  of  the 
paper  mill.  The  understanding  of  the  pulsatile  flow  Field  in  the 
defibrator  is  crucial  to  the  quality  of  the  pulp  suspension.  This 
study  concentrates  an  the  frequency  analysis  of  the  time  series 
of  the  flow  fields  measured  by  a  Laser  Doppler  Anemometer 
(LDA).  To  achieve  results  we  had  to  apply  several  spectrum 
estimation  techniques  and  develop  a  LDA  simulator.  The 
used  methods  were  capable  to  analyse  the  frequency  content  of 
the  flow  up  to  -1  kHz.  The  results  were  very  informative  for 
pulsative  flow  but  highest  turbulence  frequencies  were  not 
resolved. 

1.  INTRODUCTION 

A  defibrator  is  a  machine  used  in  a  paper  mill  to  break 
up  fibre  bundles  still  existing  in  the  pulp  after  the  pulper.  At 
this  phase  pulp  exists  as  -1  %  fiber-water  suspension  with 
some  fiber  bundles.  By  defibering  one  means  to  fiberize  a 
mixture  of  recycled  waste  paper-,  thermo-mechanical-  and 
chemical  pulp,  so  that  fibers  get  separated  with  as  few  grinding 
as  possible.  This  device  creates  a  powerful  circulating  flow 
field  in  and  between  the  blades  of  rotor  and  stator  (figure  1). 
Hie  aim  of  this  study  is  to  get  information  from  defibration 
process,  what  factors  influence  on  the  releasing  of  fibre  bundles 
and  how  to  improve  the  releasing  process? 

In  order  to  break  up  the  fiber  bundles  and  floes  a 
pulsatile  flow  field  is  needed.  If  one  wants  to  evaluate  different 
parameter  and  construction  combinations  influence  on  flow 
field  properties,  a  spectrum  of  flow  variation  is  needed. 

To  assest  the  efiectivity  of  different  constructions  and 
drive  parameters,  several  tests  were  performed  with  pure  water 
without  fibers.  Measurements  were  carried  out  in  industrial 
enviroment  with  a  real  defibrator. 

For  comparison  of  the  different  spectral  estimation 
methods  one  can  use  either  real  data  measured  from  a  well 
known  flow  situation  Rajan  and  Munukutla  (1992)  or  simulated 
data  generated  by  a  mathematical  model  of  the  LDA.  One  can 
model  actual  measured  data  and  find  variable  parameters  to 
change  the  properties  of  data  Tropea  (1987)  or  one  can  simulate 
the  actual  LDA  measurement  process  Lee  and  Sung  (1994).  In 
this  study  artificially  generated  data  sets  have  been  constructed 
by  simulating  the  measurement  process. 

Only  few  comparison  studies  about  spectra]  estimation 
exist  in  the  literature.  They  are  considering  data  approximation, 
direct  transform  or  periodogram  method,  correlation  based  or 
correlogram  method  and  autoregressive  method.  Periodogram 


methods  and  correlogram  methods  are  compared  in  a  study  of 
Bell  (1983).  He  concluded  that  a  slotted  correlogram  method  is 
suitable  for  LDA  spectrum  calculations.  In  another  study  it  was 
concluded  that  direct  transformation  method  is  appropriate 
method  (Gaster  and  Roberts  1980).  Periodogram  method, 
correlogram  method  and  autoregressive  method  was  compared 
in  Rajan  and  Munukutla  (1 992).  In  a  recent  paper  Lee  and  Sung 
(1994)  spectral  estimates  were  evaluated  by  using  direct 
transform  and  with  three  different  dau  approximation  methods. 
Sample  and  hold  resampling,  nonuniform  Shannon 
reconstruction  algorithm  and  projection  onto  convex  sets,  for 
data  approximation  and  a  periodogram  method  for  spectrum 
calculation. 

To  facilitate  a  proper  choice  of  appropriate  spectral 
analysis  method  for  the  problem  on  hand,  a  comparative  study 
of  basic  spectra]  analysis  methods  was  made.  The  spectrum 
estimation  methods  were  evaluated  using  simulated  LDA  data. 
The  correlogram  method  were  found  to  be  best  choice  for  the 
defibrator  analysis. 

The  organization  of  this  paper  is  as  follows.  Chapter  2 
provides  a  description  of  the  defibrator  and  measurement 
system.  The  developed  LDA-dau  simulator  is  presented  in 
chapter  3.  Discussion  about  the  spectrum  estimates  and  their 
evaluation  is  in  chapter  4.  The  application  results  of  the  chosen 
spectrum  estimate  arc  presented  in  chapter  3.  Finally,  some 
results  are  summarized  in  chapter  6. 

2.  THE  DEFIBRATOR  AND  THE  MEASUREMENTS 

The  measured  defibrator  was  composed  of  a  stationary 
stator  and  of  a  conical  rotor  which  is  rotating  inside  the  sutor 
(figure  1).  Both  the  stator  and  the  rotor  have  five  blade  zones. 
Every  blade  zone  has  a  different  number  of  blades.  The  blades 
of  the  stator  are  not  parallel  with  the  ones  of  the  rotor  and  the 
axial  inclination  of  the  blades  is  different  at  every  zone.  The 
distance  between  the  end  faces  of  the  sutor  and  rotor  blades  is 
called  the  cutting  clearance  (Figure  2).  and  it  can  be  adjusted. 
The  blade  clearance  means  the  average  distance  between  the 
blade  edges  and  it  can  not  be  changed.  The  measurements  were 
made  through  a  window  at  second  zone. 

The  pulp  is  pumped  from  a  zone  to  the  next  one  through 
the  gap  between  the  sutor  and  the  rotor.  Most  of  the  flow  takes 
place  in  the  blade  channels  of  the  rotor  and  the  sutor.  The 
channel  flow  is  rotational,  periodic  and  pulsatile. 

Instead  of  pulp,  water  with  TiOj  particles  was 
circulated  in  the  defibrator.  A  Laser  Doppler  anemometer  was 
applied  to  measure  axial  and  peripherical  velocities 
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Fig.  2  The  axial  cross-section  of  a  defibrator. 

between  the  blades  of  the  defibrator.  It  was  not  possible  to 
measure  the  radial  velocity.  The  main  propagation  direction  of 
the  flow  was  the  axial  direction.  The  measurement  point  was 
located  in  the  middle  of  the  stator  channel  in  the  second  zone. 
During  the  measurements  different  process  parameters  (cutting 
clearance,  rotational  speed  and  blade  clearance)  were  varied. 

The  laser  beam  reflections  from  the  end  faces  of  the 
rotor  blades  caused  the  main  practical  problem  of  the 
measurement  Several  attempts,  eg.  painting  the  blades  black, 
were  made  to  solve  the  problem.  Unfortunately,  even  though 
the  situation  improved,  quite  a  lot  reflections  still  remained. 

For  practical  reasons  only  10000 ...  16000  samples  long 
data  series  were  collected.  The  highest  data-rate  achieved  was 
2800  samples  per  second. 

3.  THE  SIMULATED  LDA  DATA 

To  simulate  the  LDA-daia  a  doubly  stochastic  Poisson 
process  has  to  be  generated.  One  method  to  do  this  is  to  model 
the  data  with  a  so  called  "conveyor  belt"  model  (Tropea  1987). 
Uniformly  distributed  panicles  are  spread  in  a  tube  (or  in  the 
one  dimensional  case  on  a  conveyor-belt).  The  tube  is  then  fed 
with  variable  speed  and  direction  through  the  probe  volume.  So 
the  arrival  rate  of  the  panicles  is  proportion al  to  the  volume 


flow  across  the  measurement  volume  and  the  arrival  time 
distribution  will  be  a  Poisson  distribution  weighted  by  the 
velocity  vector  (Buchhave  1979). 

PM(n,  T)  =  j^—e~“P(u)du 

1  #i! 

The  measurement  volume  of  a  LDA  with  a  sufficient 
frequency  shift  can  be  approximated  to  be  an  ellipsoid  (Me 
Dougall  1980) 

ewer-1 

where  a=b/cos(<p/2)  and  e=tysin(tp/2).  In  our  case  we  used  the 
dimensions  of  the  DAN  I  EC  60X1 1  fiber  optical  probe  with  a 
f=  160mm  front  lens. 

The  volume  flow  Vf  through  the  measurement  volume 
is 

V/=|V1S(V) 

|V|  is  the  magnitude  of  the  instantaneous  velocity  and  S(V)  is 
the  area  of  the  measurement  volume  projected  on  the  normal 
plane  of  the  velocity  vector  V,  and  the  mean  number  of 
measurements  per  second  X  is 

X  =  C|V|S(V) 

where  C  is  the  particle  number  density  per  unit  volume. 
Because  the  area  S(V)  depends  on  the  velocity  direction,  the 
arrival  events  are  modulated  both  with  velocity  magnitude  and 
direction.  The  arrival  times  can  be  calculated  by  integrating  the 
volume  flow  into  the  measurement  volume  and  solving  for  the 
times  when  particles  enter  the  measurement  volume. 

V«  —  JVS(V)df 
o 

The  particles  arriving  to  the  measurement  volume  arc 
distributed  uniformly  on  the  area  of  the  measurement  volume 
cross  section  to  the  normal  of  the  instantaneous  velocity  vector. 
The  residence  time  of  a  particle  (the  time  the  particle  stays 
inside  the  measurement  volume)  is  calculated  by  assuming  that 
the  velocity  of  the  panicle  remains  constant  during  the  travel 
across  the  measurement  volume.  Therefore  the  residence  time 
is  a  function  of  the  velocity  vector  and  the  random  place  on  the 
cross  section  of  the  measurement  volume.  And  the  smallest 
scale  resolved  is  of  the  order  of  the  size  of  the  measurement 
volume. 

The  particles  present  simultaneously  in  the 
measurement  volume  are  rejected. 

The  essential  features,  the  arrival  and  residence  times, 
of  the  LDA-simulator  are  expected  to  be  close  enough  of  those 
of  a  real  LDA.  This  kind  of  simulation  can  be  used  when  the 
purpose  is  to  compare  different  spectral  estimation  methods  for 
given  3D  velocity  field. 

The  performance  of  the  simulation  model  was  checked 
to  give  a  correct  average  for  velocity  when  the  residence  time 
weighting  was  used. 

The  u,  v  and  w  velocities  were  calculated  by  a 
autoregressive  model 

u{t)  =  - 1)+  wO  -  2)+  £„(/)  +  - 1)  +  k, 

v(0  =  av(f-l)+Ey(t) 
w(/)  =  fliv(t-l)  +  Ew(0 
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where  auj= 0.95,  aJt2=-0.9025,  buj* 0.95  and  a=0.95,  are 
autoregressive  parameters  and  Em ,  E,  and  £w  are  white  Gaussian 
processes.  The  mean  velocity  in  x -directi  on  is  Py.  The  mean  of 
the  velocities  v  and  w  is  zero  and  the  correlation  coefficients 
between  these  velocities  and  between  the  u  velocity  are  zeros. 
The  standard  deviations  of  e,  and  Es  are  adjusted  so,  that  the 
standard  deviations  of  the  velocities  v  and  w  are  0.8  times  the 
standard  deviation  of  the  velocity  u. 

4.  SPECTRAL  ANALYSIS  OF  THE  LDA  SIGNALS 


The  basic  difficulty  with  LDA  signal  at  medium  and 
low  data  rates  is  the  non-even  and  velocity  correlated  nature  of 
the  sampling  of  the  signal.  Special  methods  for  spectral 
analysis  of  Poisson-sampled  signals  have  been  developed 
(Gastcr  and  Roberts  1975,  Gaster  and  Roberts  1977,  Roberts 
and  Gaster  1980.  Adrian  and  Yao  1987),  examined  (Roberts  et 
al.  1980,  Bell  1983,  Lee  and  Sung  1994)  and  applied  to 
measured  data.  The  present  application  for  defibrator  analysis 
was  however  quite  a  challence. 

The  signal  seems  to  be  mostly  random  although  some 
deterministic  components  generated  by  the  routing  blades  were 
present.  The  LDA  signal  has  quite  a  lot  of  velocity  correlated 
bias  because  of  the  high  variability  -100  %  (o„  is  the 
standard  deviation  of  the  velocity  and  p,  is  the  mean  velocity 
in  the  measurement  direction).  The  interesting  frequency  range 
of  the  dissipation  of  the  turbulence  and  also  harmonic 
components  of  the  blade  frequency  at  600  Hz  were  quite  high 
as  compared  to  the  mean  sampling  rate  (-1  ...  2  kHz)  achieved. 

The  main  methods  available  for  spectral  analysis  can  be 
divided  into  three  main  classes:  1)  even-interval 
approximations  of  the  signal  itself,  2)  correlation  function 
based  methods  and  3)  direct  Fourier  transform  approach.  All  of 
these  were  tried  but  most  of  our  attention  was  directed  to  the 
correlation  based  methods  that  we  believe  to  be  most  effective 


for  this  signal. 

We  applied  basically  three  types  of  the  even  interval 
approximations.  The  sample  and  hold  approximation  (Adrian 
and  Yao  1987)  removes  the  velocity  correlated  bias.  It  can  be 
seen  to  weight  more  the  samples  that  axe  followed  by  long 
intervals  by  keeping  their  values  for  longer  time.  It  is  actually 
doing  post-interval  weighting  of  the  signal.  The  interval 
weighting  can  be  achieved  by  sample  and  hold  into  reverse 
direction  in  time.  The  method  did  not  give  good  results  in  this 
case  because  the  dau  density  achieved  dj  «  0.5  was  so  low 
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as  derived  by  (Lee  and  Sung  1994).  Here  X  is  the  mean 
sampling  rate.  Also  the  approach  of  Taylor  microscale 
(Aronson  and  LOfdahl  1993)  can  be  applied.  The  computed 
spectrum  contained  much  extra  power  at  low  frequencies  as 
predicted  by  (Adrian  and  Yao  1987).  The  linear  interpolation 
between  samples  resulted  into  same  kind  of  result. 


The  third  even  interval  approximation  studied  was 
motivated  by  bias  removal  with  residence  time  weighting.  We 
formed  an  even  interval  signal  from  pulses  that  look  like  the 
analog  signal  of  burst  type  velocity  measurement.  The  signal 
stays  at  measured  velocity  the  length  of  the  residence  time  at 
each  sampling  point.  Elsewhere  the  signal  remains  zero.  To 
reach  pulsewidths  of  several  sampling  intervals  we  multiplied 
the  measured  residence  times  by  a  factor  c  •>  1000.  From  this 
even  interval  sampled  signal  we  computed  the  autocorrelation 
function  by  a  method  that  discards  the  zeros  between  samples 
(Priestley  1981).  The  resulting  spectrum  depended  of  the  used  c 
factor  transforming  towards  something  similar  that  sample  and 
hold  spectrum  when  c  values  are  high  . 

The  direct  Fourier  transform  methods  we  applied  arc 
developed  by  Roberts  and  Gaster  (1980).  The  basic  method  is 
to  apply  direct  Fourier  transform  to  short  windowed  periods  of 
measured  data  and  average  the  results.  With  this  method  the 
variance  induced  white  part  of  the  spectrum  must  be  subtracted 
from  the  result. 

S(f)=P<J)-Q  where 
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and 


e  =  I^rIw2(;J)x2(/J) 
j 

Here  w  is  the  weighting  window  (Hanning)  and  x  the 
time  series  to  be  transformed.  Roberts  and  Gaster  (1980)  have 
also  given  the  asymptotic  variance  formula  for  the  estimator 

var{i(/)}-*  +  asT,-*~ 

Here  r(0)  is  the  autocorrelation  function  value  at  zero 


delay  and  Ts  is  the  segment  length.  For  N  independent 
segments  averaged  the  variance  is  multiplied  by  1  IN.  They  have 
also  suggested  a  scheme  with  removal  of  the  mean  and  some  of 
the  largest  single  frequency  components  at  each  segment  This 
diminishes  the  variance  induced  by  the  mean  square  of  the 
signal  itself.  Hoesel  and  Rodi  (1977)  give  a  bias  correction 
method  by  weighting  with  residence  times 
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Here  tr{tj)  is  the  residence  time  at  sample  point  t y.Thc 
computed  estimates  seemed  to  have  much  bigger  variance  than 
estimated  by  the  variance  formula.  The  reason  was  the 
residence  time  weighting  that  introduced  much  white  noise  to 
the  signal  by  multiplying  it  by  a  quite  wide  band  signal  formed 
by  the  residence  time  values.  It  seems  that  smoother  weighting 
factors  than  the  residence  times  should  be  applied.  We  did  not 
yet  apply  the  variable  bandwidth  method  where  spectrum  at 
higher  frequencies  is  calculated  from  shorter  segments  to 
increase  the  number  of  the  segments  N. 

Our  main  effort  was  directed  to  correlation  function 
based  methods.  We  see  some  good'reasons  to  this  approach:  1) 
The  'slotted'  correlation  function  approach  (Gaster  and  Roberts 
1975,  Bell  1983)  is  quite  fast  to  compute,  2)  The  achieved 
correlation  function  itself  is  also  interesting,  3)  The  correlation 
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function  can  be  applied  to  cither  Fourier-type  or  parametric 
spectral  estimates,  4)  The  method  seems  to  provide  a  basis  for 
some  improvements.  Caster  &  Roberts  (1975)  have  given  a 
similar  varance  formula  for  the  correlation  method. 

KO)* 
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With  the  basic  'slotted'  method  the  correlation  function 
is  computed  from  the  measured  data  using  the  actual  sampling 
time  points 


K*At)  =  ~ 

Here  JkAx  is  the  centerpoint  of  the  k  th  bin  where  the 
correlation  function  is  cumulated,  w(i,j)  is  the  applied  weight 
for  the  product  x(t,-)x(ty).  The  product  x(/;)x(/y)  is  summed  to 


the  bin  where  |(ty  -  f; )-  iAxj  £  0.5At .  In  the  basic  method  the 


weigths  w(i,j)=  w (i)w(y')  are  the  products  of  the  weigths  of 
the  samples  eg.  residence  time  tr  or  .  Also  the  sum 


w(i,j)=  w(i)+w(j)  or  more  complicated  formula  can  be 
applied.  The  average  number  of  products  per  bin  is 
(T  -t)X2At  when  the  time  intervals  are  Poisson  distributed. 
When  the  autocorrelation  function  is  computed  this  way  an 
error  of  small  time  shifts  is  introduced.  Bell  [Be83J  has 
evaluated  it  as 

rn(*Al)  z  ra  (XAx) +  A/  r^(kSx) 
where  A(  is  the  rounding  error  made.  It  can  also  be  evaluated  as 
r„(kAx)  s  rn(tAt) + Ar  and  the  estimated 

autocorrelation  function  can  be  recursively  corrected  based  on 
the  formerly  computed  estimate  (see  Fig  3). 

This  gives  better  estimates  of  the  autocorrelation 
function  at  exactly  the  points  JfcAt  instead  of  giving  the  integral 
of  the  area  under  the  slot.  Bell  has  approximated  this  error  to  be 
significant  (Bell  1983).The  error  seems  to  be  large  at  the  small 
r  values  where  the  distribution  of  the  time  lag  values  is  not 


even. 

The  second  improvement  to  the  basic  method  is  to 
compute  the  autocorrelation  function  'half  step  shifted*.  Instead 
of  |(fy  -l.)  -  XAtj  £  0. 5  At  we  form  the  bin  as 

|(»y-/i)-(*  +  0.5)A'tJ<0.5Ax.  This  leaves  out  the  white  noise 

variance  located  at  |t/-f;|=0  wheni=  j.  This  is  more 

according  to  the  original  Gas  ter  &  Roberts  (1975)  formula.  The 
0.5AT  shift  is  easily  taken  into  account  at  the  FFT  phase. 

The  third  applied  improvement  takes  the  approach  of 
minimal  approximation.  In  this  method  we  do  not  cumulate  all 
x(lj)x(lj)  products  that  fall  into  the  bin  at  *Ax  but  only  the 

nearest  one.  Eg.  for  I,  we  compute  and  cumulate  only  the 
product  x(t,)x(ty)  for  which  fy-l,  falls  nearest  to  *At  (see 
fig  4). 

The  slot  width  can  even  be  made  smaller  to  gather  less 
products.  This  approaches  the  controlled  LDA  measurements  at 
high  data  rates. 


Fig.  3  Correcting  the  autocorrelation  function  estimate  by 
adding  small  increnment  to  every  lagged  product  based  on 
former  estimate  of  r. 


Fig  4.  Minimal  approximation  method.  The  selection  of 
the  products  fullfilling  the  conditions  set  is  illustrated 

for  the  first  two  samples  (marked  black). 

We  have  also  tried  the  mean  removal  procedure  of 
Roberts  and  Gas  ter  (1980)  to  improve  the  basic  correlation 
method.  This  can  be  applied  as  a  filter  to  the  data  before  the 
correlation  function  computation.  For  our  data  no  noticeable 
correction  was  achieved. 

We  have  not  yet  fully  examined  the  statistics  and  the 
practical  properties  of  the  developed  methods,  but  the  work  is 
continuing.  Our  goal  is  to  use  the  developed  simulator  as  a  tool 
to  test  the  properties  of  the  computational  methods  by  signals 
with  spectra  similar  to  the  measured  ones. 

5.  RESULTS  FOR  THE  DEFIB RATOR 

The  spectra  were  estimated  with  the  slotted  correlogram 
method  and  weigthed  by  the  sum  of  the  residence  times.  The 
calculated  axial  velocity  spectra  are  shown  in  the  linear  scale  in 
the  figure  5  and  in  the  logarithmic  scale  in  the  figure  6.  It  can 
be  seen  (figure  5)  that  there  is  two  clear  peaks  in  the  spectrum 
when  the  relative  cutting  clearance  is  1 .  One  peak  is  at  600  Hz 
and  the  other  is  at  40  Hz.  When  the  relative  cutting  clearance  is 
increased  (cases  4  and  6)  the  peak  at  600  Hz  is  decaying  and 
the  peak  at  40  Hz  is  sligthly  increasing. 
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Fig.  S  Linear  scale  axial  velocity  spectra  for  different  relative 
clearance. 


Frequency  [Hz] 

Fig.  $  Logarhitmic  scale  axial  velocity  spectra  for  different 
relative  clearance. 


"n*e  kinetic  energy  of  the  turbulence  decreases  from 
about  200  Hz  (figure  6).  excluding  the  peak  at  600  Hz.  There 
ex“t  no  clear  inertial  subrange  in  the  calculated  spectra.  The 
kinetic  energy  of  the  turbulence  is  practically  zero  above  the 
frequency  900  Hz. 

In  the  figures  7  and  8  are  shown  the  spectra  for  the 
tangential  velocity  in  the  linear  and  logarithmic  scale.  The 
kinetic  energy  of  the  flow  is  highest  at  the  wide  peak  around 
the  frequency  40  Hz  in  every  case.  The  energy  is  highest  at  the 
largest  relative  cutting  clearance.  There  exist  practically  no 
kinetic  energy  above  the  frequency  350  Hz.  From  figure  8.  can 
h®  *cc*t  that  there  is  no  other  peaks  and  the  kinetic  energy  is 
clearly  decaying  atfer  the  40  Hz  peak. 

The  areas  under  the  curves  (the  kinetic  energies)  is  about  the 
Mmc  onler  in  figures  5  and  7  and  the  kinetic  energy  is  moved 
to  the  higher  frequencies  when  the  cutting  clearance  is 
decreased.  By  using  the  Taylor  hypothesis  one  can  estimate 


Frequency  [Hz] 


Fig.  7  Linear  scale  tangential  velocity  spectra  for  different 
relative  clearance. 


1  to  too  1000 


Frequency  [Hz] 

Fig.  8  Logarhitmic  scale  tangential  velocity  spectra  for 
different  relative  clearance. 

that  the  eddy  size  calculated  from  the  axial  mean  fluctuating 
velocity  is  order  of  few  millimeters  at  600  Hz,  which  is  of  the 
same  order  with  the  characteristic  length  of  the  fiber  bundles. 
The  length  scale  calculated  from  the  tangential 
fluctuating  velocity  is  one  order  higher  than  the  axial  one. 

A  similar  phenomena  is  also  recognised  in  the  test  runs 
with  a  real  pulp  suspension.  The  quality  of  the  processed  pulp 
is  better  when  the  cutting  clearance  is  small. 

6.  CONCLUSIONS 

The  studied  methods  for  spectral  analysis  were  even- 
interval  approximations  of  the  signal,  correlation  function 
based  methods  and  direct  Fourier  transform  methods.  All  of 
these  were  tried  but  according  to  our  tests,  the  correlation  based 
methods  were  the  most  effective  for  this  signal. 

The  calculated  spectra  give  a  good  insight  to  the 
behaviour  of  the  flow  field  inside  a  defibrator.  The  ach.  ed 
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result  of  the  flow  behaviour  confirms  and  gives  an  explanation 
for  the  in  practice  recognised  phenomena  of  the  influence  on 
the  cutting  clearance  to  the  fiber  bundle  break  up.  The 
explanation  is,  that  the  kinetic  energy  is  transferred  to  the 
higher  frequencies  when  the  cutting  clearance  is  reduced, 
because  of  the  increased  pulsating  of  the  axial  velocity.  It  can 
be  said,  that  even  the  limited  bandwidth  spetra  are  valuab'e  for 
the  development  of  the  defibrator  construction. 
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Abstract 

A  spray  combustor,  with  low  velocities  in  the  laminar 
range,  exhibits  a  unique  operating  model  where  large  amplitude, 
self-induced  oscillations  of  the  flame  shape  occur.  Several 
coupled  aero-thermodynamics  mechanisms  are  resposible  for 
the  triggering  of  the  flame  oscillation.  The  phenomenon, 
previously  described  by  the  first  author  was  only  qualitatively 
analyzed.  A  parametric  study  is  described  directed  to  investi¬ 
gate  the  various  coupled  mechanisms.  Two  main  parameters 
were  changed  during  the  present  work,  namely  the  fuel  flow 
rate  and  momentum  of  the  coflowing  streams.  The  flow  was 
monitored  using  a  PDA  system  together  with  a  computerized 
video  camera.  The  results  show  an  increase  in  the  frequency  of 
the  flame  oscillations  with  fuel  flow  rate  and  a  decrease  in 
oscillation  frequencies  with  an  increase  in  die  momentum  of  the 
coflowing  jets.  Both  effects  indicates  the  significance  of 
gravity. 

Introduction 

The  equivalent  of  the  Burke  and  Schumann  [1]  flame, 
while  using  liquid  fuel  in  the  form  of  liquid  droplets,  was  the 
topic  of  sc.  _ral  recent  studies,  most  of  which  were  theoretical 
[2-5]  and  one,  by  the  first  author  [6]  which  was  experimental. 
This  unique  experimental  work  indicated  that  gravity,  a 
phenomenon  neglected  by  all  theoretical  studies,  may  have  a 
most  significant  effect  on  the  behavior  of  die  laminar  spray 
flame.  It  showed  clearly  that  the  flame  naturally  obtained  an 
oscillatory  motion  under  most  operating  conditions.  It 
practically  oscillates  from  very  low  flow  velocities  until 
relatively  high  flow  rates  are  obtained,  where  it  can  no  longer 
be  considered  as  a  laminar  flow.  It  was  assumed  that  gravity 
causes  the  heavier  central  fuel  stream  to  loose  its  momentum 
and  collapse  into  a  mushroom  shape.  Thereafter  it  accelerate 
vertically  by  the  buoyancy  force  generated  through  heat  transfer 
from  the  flame.  This  cycle,  which  is  explained  in  more  detail  in 
[6]  is  repeated  periodically.  It  was  not  predicted  by  any  of  the 
theoretical  work,  probably  due  to  the  negligence  of  gravity. 

Flame  oscillations  in  a  gaseous  flame  were  reported  in  the 
literature.  However,  these  are  much  smaller  in  amplitude  and 
much  higher  in  frequency.  Various  observations  of  a  Burke- 
Schumann  type  flame  revealed  the  phenomenon  of  the  flame  tip 
flickering  at  frequencies  of  about  10-20  Hz.  This  effect,  which 
was  observed  experimentally  [7-11]  and  also  predicted 
numerically  [12,13],  is  the  direct  result  of  gravity  induced 
buoyant  forces  on  die  flow  of  the  reaction  products,  of 
aerodynamic  instabilities  in  the  jet  itself  and  of  heat  release 
effects.  Ellzey,  et  a).  [13]  presented  predictions  both 
considering  and  neglecting  gravity.  They  showed  that 
neglecting  gravity  gave  a  steady  flow  field  but  including  gravity 
caused  large  structures  to  form  that  were  convected  downstream 
at  frequencies  on  the  order  of  15-20  Hz. 

An  interesting  experimental  configuration  is  that  of  a 
combustor  operating  in  a  horizontal  direction  as  if  it  is 


unaffected  by  gravity.  This  case  is  explained  in  more  detail  in 
the  paper.  The  present  study  is  directed  to  investigate  the 
governing  parameters  that  affect  the  oscillatory  motion,  mainly 
the  amplitude  and  frequency.  The  fact  that  the  oscillatory 
motion  is  affected  by  a  relatively  large  number  of 
aerothermodynamics  phenomena  had  led  to  a  parametric  study, 
where  each  time  only  one  parameter  is  changed.  In  the  present 
work  the  equivalence  ratio  and  the  momentum  of  the  co¬ 
flowing  streams  were  changed  between  the  maximum  possible 
limits.  Future  work  will  include  geometrical  configurations  as 
well. 

The  experiment 


A  schematic  drawing  of  the  combustor  is  illustrated  in  Fig.  1 . 
The  combustor  consisted  of  two  coaxial  quartz  tubes.  The  outer 
tube  had  an  I.D.  of  71  mm  with  a  wall  thickness  of  2  mm  and 
the  inner  one  had  an  I.D.  of  12.90  mm  and  an  O.D.  of  14.80 
mm.  The  length  (height)  of  the  outer  tube  was  30  cm.  Tests  with 
different  length  tubes  or  even  without  die  outer  tube,  were 
performed  to  eliminate  the  possibility  that  the  dominant 
phenomena  originates  from  acoustic  coupling,  and  it  has  shown 
negligible  differences  in  behavior.  As  illustrated  in  Fig.  1,  the 
combustion  air  entered  through  four  radial  entrance  holes  and 
passed  through  a  series  of  fine-mesh  screens  and  flow 
straighten ers.  The  upstream  length  from  die  screens  to  the 
combustor  (the  tip  of  the  center  tube)  was  about  23  cm  and  the 
total  length  of  the  center  tube  (from  the  atomizer  to  the  tip)  was 
about  50  cm. 

Heptane  fiiel  was  introduced  into  the  combustor  through 
the  center  tube  in  the  form  of  fine  droplets.  A  slighdy  modified 
Sonotek  ultrasonic  nozzle  #  8700-60  MS  was  used  to  generate 
the  droplets.  As  shown  in  Fig.  2,  the  droplets  were  injected 
towards  a  narrow  critical  spray.  The  droplets  were  then  carried 
upwards  by  a  nitrogen  gas  stream.  The  nitrogen  was  injected 
through  a  tube  which  surrounds  the  "horn”  of  the  ultrasonic 
atomizer.  As  the  droplets  traveled  upwards  through  the  SC  cm 
tube,  they  partially  vaporized  and  interacted  with  each  other, 
causing  a  subsequent  change  in  their  size  and  momentum.  The 
flow  of  nitrogen  was  always  adjusted  to  have  an  equale  average 
velocity  value  as  that  of  die  air.  The  properties  of  the  droplets 
were  measured  at  the  exit  of  the  central  tube.  Typical  size 
distribution  at  the  center  of  the  inner  tube  is  shown  in  Fig.  3a. 
Figure  3b  shows  the  total  velocity  histogram  and  Fig  3c 
demonstrates  the  size  velocity  correlation.  It  can  be  seen  that 
velocity  histogram  has  a  nearly  Gaussian  distribution  which 
extends  to  near  zero  negative  values.  As  can  be  seat  from  Fig 
3c,  that  part  of  the  histogram  is  mainly  originated  from  the  large 
droplets  which  are  too  heavy  to  be  carried  upwards  by  the 
nitrogen.  The  small  droplets  (less  than  about  10  microns)  can  be 
used  to  represent  the  carrier  gas  velocity.  Experimental 
uncertainty  in  measurements  for  drop  size  is  estimated  at  ±6.3% 
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Figure  1.  Schematic  drawing  of  the  combustor. 


Figure  2.  Schematic  drawing  of  the  ultrasonic  atomizer. 
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Figure  3.  Droplets  characteristics  at  the  exit  of  the  colter  tuber, 
b-0  mm  (entrance  to  the  combustor). 
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and  ±  0.5%  for  velocity  [6].  The  relatively  low  velocity  of  the 
carrier  gas  near  the  wall  of  the  inner  tube  was  not  sufficient  to 
carry  die  larger  drops.  This  caused  then  to  descend  and  come 
into  contact  with  the  tube  wall  forming  a  liquid  film  that  flowed 
downward.  The  number  of  droplets  that  hit  the  wall  and  the 
resulting  fuel  flow  in  the  downward  direction  was  significant, 
especially  in  the  lower  parts  of  the  center  tube.  A  drain  was 
incorporated  in  the  combustor  configuration  at  the  bottom  of  the 
center  tube  (see  figure  2)  for  continuous  removal  of  the  liquid 
film.  The  measurement  of  the  actual  fuel  flow  rate  to  the 
combustion  zone  always  considered  the  drained  amount  Due  to 
the  high  turbulence  within  die  inner  tube,  caused  by  the 
interaction  between  ascending  droplets  and  the  descending 
heavier  droplets,  fluctuation  in  the  drained  amount  was  detected 
and  hence  also  in  the  net  fuel  flow,  see  Fig.4. 


Figure  4.  Variation  of  net  fuel  flow  with  time. 

Experimental  measurements  were  obtained  using  two 
techniques:  Phase  Doppler  Anemometer  (PDA)  which 
simultaneously  measured  the  size  and  velocity  of  individual 
droplets,  and  a  CCD  camera  alternatively  coupled  with  laser 
light-sheet  illumination  for  large  scale  observations  of  the  two- 
phase  flow  and  flame.  The  frequency  of  flame  oscillation  was 
measured  using  the  FFT  routine  over  die  instantaneous  gas 
velocity  (PDA)  results  in  the  combustion  zone  during  several 
flame  cycles.  A  special  case  where  the  combustor  was  mounted 
horizontally  was  also  investigated.  This  test  was  performed  in 
an  attempt  to  isolate  the  effect  of  gravity  on  the  flame. 
However,  due  to  accumulation  of  droplets  on  the  inner  tube 
walls  and  the  necessity  for  drainage,  a  small  inclination  angle 
(2°)  was  allowed.  The  special  alignment  of  the  combustor  in 
this  case  disabled  the  possibility  for  PDA  measurements  and 
only  video  photography  was  obtained. 

Remits  and  Discussion 

The  oscillatory  motion  analyzed  in  the  present  study  is 
different  from  the  conventional  flame  flickering  commonly 
reported  in  the  literature.  In  the  present  study  the  entire  volume 
of  the  flame  is  affected  in  an  expansion-contraction  type 
modulation  whereas  the  reported  gaseous  flame  flickering 
affected  the  flow  of  reaction  products  only  at  a  distance 
downstream  of  the  nozzle.  Operating  the  combustor  in  a 


horizontal  orientation  changed  the  behavior  of  the  flame 
significantly.  The  primary  goal,  which  was  to  eliminate  or 
minimize  the  effect  of  gravity,  was  only  partially  achieved.  The 
initial  part  of  the  flame  obtained  a  constant  behavior  with  a 
steady  flame.  However  further  downstream  the  flame,  which 
was  horizontal  at  the  beginning,  obtained  a  vertical  direction 
(due  to  buoyancy).  In  conditions,  where  fuel  evaporation  was 
completed  before  the  vertical  part  of  the  flame,  the  flame 
remained  almost  stable.  In  cases  where  droplets  existed  even  at 
the  region  where  the  flame  obtained  a  vertical  direction  (higher 
flow  momentum),  periodic  oscillations  were  observed  only  in 
the  vertical  portion  of  the  flame.  As  indicated,  this  part  of  the 
experiment  was  only  recorded  by  a  CCD  camera  (which  will  be 
presented  at  the  symposium)  and  therefore  no  quantitative  data 
is  given  in  the  paper.  It  seems  that  this  experiment  strengthens 
the  hypothesis  that  oscillations  are  induced  by  gravity  (as  only 
the  vertical  portion  oscillates).  However,  it  cannot  yet  be 
considered  as  conclusive. 

A  major  part  of  the  experimental  effort  was  directed  to  study 
the  influence  of  fuel  to  air  ratio  on  the  flame  behavior.  The 
combustor  was  operated  during  constant  air  and  nitrogen  flow 
rates  while  altering  only  the  liquid  fuel  flow  rate  to  the 
ultrasonic  nozzle.  This  arrangement  enables  to  maintain 
constant  velocity  of  the  fuel  stream  while  changing  the  mass 
flow  rate  of  die  fuel.  Hence  it  allows  to  isolate  the  effect  of  fuel 
flow  and  heat  release  on  the  flame  behavior.  Several  similar  sets 
of  tests  were  performed,  while  each  set  was  carried  out  with 
different  air  (and  nitrogen)  velocity.  Results  are  given  in 
Figs.  5-10. 

Figure  5  shows  a  typical  result  of  an  FFT  performed  on  the 
instantaneous  velocity  fluctuations.  A  domination  amplitude  in 
die  frequency  spectra  is  clearly  observed  at  the  value  of  the 
oscillation.  Figure  6  shows  size  histogram  and  velocity 
histogram  of  the  flow  at  3mm  above  the  nozzle.  A  double  peak 
is  seen,  typical  in  oscillation  flows.  The  histogram  is  distributed 
around  the  zero  value  with  relative  large  negative  velocity 
values.  This  could  indicate  that  the  measurements  were 
performed  within  the  core  of  the  vortex  that  is  responsible  for 
the  descent  of  the  flame  within  the  oscillation  cycle  of  the 
flame.  Figure  7  illustrates  the  variation  of  oscillating  frequency 
with  height  for  a  typical  operating  condition.  It  shows  that  the 
frequency  remains  almost  constant  along  the  flame.  This 
indicates  that  the  whole  of  the  flame  is  oscillating  as  a  common 
element  and  that  the  effect  is  of  macro-scale.  The  figure  also 
shows  that  the  frequency  is  reduced  to  zero,  hence  no 
oscillations,  close  to  the  fuel  nozzle  tip.  This  indicates  that  the 
oscillations  are  not  driven  by  the  fuel  or  air  supply  lines  but 
rather  are  self  induced  at  some  distance  downstream  of  the 
combustor  (the  zero  frequency  value  at  higher  lewels,  above  12 
mm  are  due  to  insufficient  measurement  data).  Even  though  the 
flame  oscillates,  the  average  velocity  along  die  center  line 
increases  rapidly  with  height  (a  factor  of  10  within  15  mm).This 
is  mainly  due  to  the  heat  addition  from  the  chemical  reaction 
and  the  associated  expansion  of  reaction  products  and  due  to 
entrainment  from  the  surrounding  air.  Meanwhile  the  average 
diameter  of  the  fuel  droplets  is  decreased  by  a  factor  of  4  (from 
22  microns  to  about  5  microns  over  a  distance  of  about  7  mm), 
see  figure  9.  An  apparent  bias  effect  on  the  measurements  of  the 
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mean  size  of  the  droplets  indicated  that  the  size  of  the  droplets 
increases  after  a  certain  distance.  This  effect  is  typically  caused 
by  die  fact  that  most  of  the  small  droplets  evaporate  and 
disappear,  leaving  only  the  big  ones,  hence  mathematically 
indicating  an  increase  in  the  mean  size. 


Figure  5.  A  typical  frequency  spectral  density  of  the  velocity 
oscillations. 
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Figure  6.  Velocity  and  size  histogram  at  3  mm  downstream  of 
the  fuel  nozzle. 


Figure  7.  Variation  of  the  oscillation  frequency  with  height 
along  the  combustor  center  line. 


Figure  8.  Variation  of  average  velocity  along  the  centerline  of 
the  combustor. 


Figure  9.  The  change  in  average  fuel  droplet  diameter  along  the 
centerline  of  the  combustor. 

Figure  10  summarizes  numerous  experimental  results 
during  which  parametric  study  of  two  major  parameters  was 
performed.  The  combustor  was  operated  from  the  lowest 
possible  air  flow  to  the  maximum  practical  one.  The  nitrogen 
flow  in  the  central  tube  was  always  adjusted  to  maintain  equal 
average  velocity  as  that  of  the  air.  It  is  clearly  seen  from  the 
figure  10  that  increasing  the  fuel  flow  rate  (and  die  fuel  to  air 
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ratio)  increases  monotonically  and  significantly  the  frequency 
of  oscillations.  This  phenomenon  occurs  independently  of  the 
air  and  fuel  stream  velocities.  The  changes  in  frequencies  is 
sometimes  by  more  than  a  factor  of  2  in  the  investigated  range. 
The  reason  for  the  latter  is  probably  the  higher  associated  heat 
release  which  increases  buoyancy  that  accelerate  faster  the 
elevation  of  the  flame  and  its  separation  from  the  fuel  stream. 
The  fuel  stream  which  is  even  heavier,  due  to  the  higher 
portion  of  fuel,  collapse  faster  and  disengages  itself  earlier  from 
the  heat  source.  The  flame  consequently  reduces  in  size  and  is 
pulled  downwards  by  the  center  part  of  the  vortex  generated  at 
the  wake  of  the  central  fuel  stream  [6].  Hence  all  the  process 
occurs 
faster. 


Figure  10.  Variation  of  flame  oscillation  frequency  with  fuel 
flow  rate  and  average  velocity  (air  and  nitrogen). 


The  momentum  of  the  flow  seems  to  have  an  opposite  and 
more  significant  effect  The  higher  the  air  (and  Kiel  stream) 
velocities,  the  slower  the  frequencies  of  oscillations.  This 
phenomenon  was  investigated  over  a  large  range  of  velocities 
and  was  found  to  exist  monotonically  over  the  whole  operating 
range.  The  reason  for  the  latter  is  probably  the  fact  that  higher 
surrounding  air  flows  reduce  and  delay  the  collapse  of  the  fuel 
stream  into  the  mushroom  shape,  hence  it  maintains  a  higher 
vertical  level.  Consequently,  it  separates  less  from  the  flame, 
reducing  the  driving  force  for  the  oscillations. 

Conclusions 

The  recent  experimental  results  strengthen  the  hypothesis 
that  the  naturally  occurring  oscillations  are  primarily  induced  by 
gravity.  The  horizontal  combustion  experiment  indicated  that 
the  initial  (small)  zone,  where  the  flame  was  still  horizontal  and 
uninfluenced  by  gravity,  did  not  oscillate.  In  the  vertical 
(normal)  configuration,  the  increase  of  heat  release  has  led  to 
speeding  the  frequency  of  oscillations  where  as  increasing  the 
momentum  of  the  flows  decreased  the  speed  of  oscillations. 
Both  effects  are  directly  linked  to  gravity  further  highlighting 
the  necessity  to  incorporate  gravity  effects  in  the  numerical 
modeling. 
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ABSTRACT 

The  present  work  is  concerned  with  an  application  of 
Phase  Doppler  Velocimetry  to  counterflow  spray  flames. 
Laminar  counterflow  flames  are  of  great  interest  in  the  study  of 
flame  structure,  due  to  their  stability.  We  arc  presenting  here  a 
setup  where  the  use  of  a  droplet  spray  as  fuel  has  been  made 
possible.  Thank  to  PDA.  simultaneous  measurements  of 
velocity,  droplets  size  and  number  density  have  been  puisucd 
on  such  a  configuration.  From  these  quantities  we  were  able  to 
compute  the  trajectories  of  the  droplets  and  drag  coefficients. 


burner  is  feeded  with  a  mixture  of  nitrogen,  gaseous  fuel  and 
liquid  fuel  droplets.  The  main  flow  is  surrounded  with  a  coaxial 
nitrogen  screen  to  prevent  reaction  with  ambient  air.  The 
gaseous  flow  rates  are  controlled  using  sonic  nozzles.  The 
burners  are  fixed  on  a  moving  berth  which  enables  exploration 
along  radial  (Or)  and  axial  coordinates  (Oz).  A  schematic  view 
of  the  burner  is  presented  on  figure  1 . 


1.  INTRODUCTION 

In  many  practicle  applications  dealing  with  energy 
production  and  transformation,  it  is  more  convenient  to  store 
and  bum  liquid  fuel.  This  is  the  case  in  Diesel  or  rocket 
engines,  turbojets,  and  furnaces.  In  all  these  configurations, 
the  interaction  between  the  flame  and  the  spray  is  a  leading 
phenomenum.  In  order  to  study  the  combustion  of  sprays,  we 
have  build  in  our  laboratory  an  experimental  setup  to  produce 
counterflow  diffusion  flames  using  liquid  droplets  cloud  as 
fuel.  The  size  and  velocity  field  of  the  droplets  was  studied  in 
the  flame  using  Phase  Doppler  Velocimetry. 

In  the  first  section  wc  briefly  describe  the  experimental 
setup  and  the  Phase  Doppler  Velocimetry  system  used.  In  the 
second  section  we  present  the  velocity,  size  and  droplets 
density  number  measured  in  the  counterflow  flame  experiment. 
In  the  last  part,  the  experimental  datas  are  processed  to  obtain 
more  global  parameters  such  as  gas  velocity  field  and  drag 
coefficients. 


P»B  1  ••  Schematic  view  of  the  burner  and  of  the  name. 


2.  EXPERIMENTAL  SETUP 

The  counterflow  laminar  diffusion  flame  is  a  very 
convenient  geometry  for  combustion  studies  (sec  Tsuji 
I’  82]).  It  makes  possible  the  production  of  a  very  steady 
laminar  flame  without  interaction  with  the  surounding 
structure  or  the  burners  and  with  a  very  good  optical  access  to 
the  flame.  This  is  achieved  with  two  axisvmctrical  converging 
nozzles.  The  upper  burner  is  feeded  with  aiT  and  the  lower 


The  droplets  spray  is  produced  using  an  ultrasonic 
atomizer,  which  gives  low  droplets  size  dispertion  and  initial 
velocity  .  Liquid  heptane  is  used  as  fuel  It  is  feeded  to  the 
atomizer  from  a  pressurized  vessel  through  a  liquid  mass  flow 
rate  controller,  so  that  the  liquid  flow  rate  is  measured  during 
the  experiment.  A  more  complete  description  of  the 
experimental  setup  and  atomization  system  may  be  found  in 
Darabiha  et  al.  ( 1993]. 
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Measurements  of  droplets  size,  velocity  and  number  per 
unit  volume  were  performed  using  Phase  Doppler  Velocimetry. 
This  technique  is  an  extension  of  Laser  Doppler  Velocimetry 
(see  Durst  [1975]).  The  light  from  a  laser  (HeNe)  is  separated 
into  two  beams  which  are  separately  focused  by  a  converging 
lens.  Interference  fringes  appear  in  the  intersection  volume  of 
the  two  beams.  The  light  scattered  by  a  particle  crossing  this 
volume  features  a  periodic  signal  having  a  frequency 
proportional  to  the  particle  velocity  and  to  the  inverse  of  the 
distance  between  two  fringes.  This  distance  is  a  constant 
depending  on  the  geometry  of  the  set-up  and  on  the 
wavelength  of  the  laser.  If  one  now  observes  the  scattered 
light  from  two  different  angles,  one  detects  a  phase  shift 
between  the  two  signals,  which  is  proportion*!  to  the  droplets 
diameter.  It  is  thus  possible  to  measure  droplets  size  and 
velocity  simultaneously.  The  data  acquisition  rate  and  the 
velocity  also  makes  possible  to  know  the  number  of  droplets 
per  unit  volume. 

In  our  set  up,  the  laser  beam  intersection  angle  is  6=9°30', 
the  scattering  angle  is  <p=64°  and  the  collection  angle  is 
V=4°40'  (see  Figure  2  for  the  definition  of  these  angles).  A 
500  kHz  phase  shift  was  used.  The  laser  was  a  HeNe  laser  with 
a  wavelength  of  632  nm.  The  data  were  stored  on  a  digital 
osciloscope  and  transfered  through  a  GPIB  bus  to  a  PC 4 86 
type  computer  where  data  processing  takes  place  (see 
Veynante  [1992]).  The  quite  slow  data  acquisition  and 
processing  rate  was  not  a  problem  in  our  case,  because  we  are 
studying  laminar  steady  flows. 


Trigger  level  (Arbitrary  Units) 


Fig  3:  Influence  of  trigger  level  on  measured  droplets  size 
(a)  and  droplets  number  density  (b)  at  the  outlet  of  the 

burner. 


Fig  2:  Schematic  view  of  the  Phase  Doppler  Velocimetry 
system. 


3.  VELOCITY.  SIZE  AND  DROPLETS  NUMBER  DENSITY 

The  first  series  of  measurements  were  performed  in  the 
counterflow  of  air  on  one  side  and  a  mixture  of  heptane 
droplets  and  nitrogen  on  the  other  side,  but  without 
combustion.  The  purpose  was  to  test  the  possibilities  of  our 
Phase  Doppler  Velocimetry  setup  on  one  hand,  and  to  check 
the  quality  of  the  two  phase  flow  at  the  outlet  of  the  lower 
burner  on  the  other  hand. 


We  have  plotted  on  figure  3a  and  3b  the  droplets  mean 
diameter  Djo  and  the  droplets  density  number  as  a  function  of 
the  trigger  level  of  the  detection  of  the  PDA  system.  The  fact 
that  the  diameter  depends  on  the  trigger  level  is  not 
surprising:  if  the  trigger  level  is  to  high,  the  smallest  droplets 
are  not  detected  and  the  size  distribution  is  modified.  The  effect 
may  also  be  seen  on  the  droplets  density  number  :  the  higher 
the  trigger  level  is,  the  less  droplets  are  detected.  This  effect  is 
to  be  compared  to  the  well  known  "bias  effect".  This  shows 
that  the  trigger  level  has  to  be  chosen  very  carefully  when 
using  PDA  system.  The  optimization  of  the  validation  rate  is 
in  this  case  very  important. 

Figure  4a  displays  the  velocity  of  the  droplets  at  the  outlet 
of  the  burner  measured  with  the  PDA  system  as  a  function  of 
the  gaz  velocity  computed  from  the  measured  gaseous  flow 
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Fig  4:  (a)  droplets  velocity  measured  from  PDA  as  a 

function  of  gaz  velocity  measured  from  flow  rate  control 
system,  (b)  droplets  size  distribution  at  the  outlet  of  the 
burner,  (c)  Influence  of  liquid  flow  rate  on  droplets  mean 
diameter. 


rates  .  One  can  see  that  this  curve  is  linear  with  a  unity  slope. 
This  shows  the  good  correlation  between  these  two 
measurements.  It  also  shows  that  the  droplets  and  the  gaz  have 
the  same  velocity  at  the  outlet  of  the  burner.  We  have  plotted 
on  figure  4b  the  droplets  size  distribution  at  the  same  place. 


One  can  see  that  the  size  dispersion  is  rather  weak,  which  was 
one  of  the  goal  aimed  at  when  using  ultrasonic  atomization. 
And  as  shown  on  figure  4c,  the  droplets  mean  diameter  is 
independent  of  the  liquid  flow  rate,  which  was  another  design 
parameter  of  this  system. 

We  have  plotted  on  figure  5  the  mean  diameter  Djo  and  the 
mean  droplets  velocity  as  a  function  of  position  along  the 
axis  in  the  cold  counterflow.  One  can  see  that  the  diameter 
remains  constant  in  the  flow  far  from  the  steady  plane.  This 
means  that  no  evaporation  takes  place  after  the  outlet  of  the 
burner  and  that  the  two  phases  are  in  thermodynamic 
equilibrium.  The  mean  droplets  size  is  increasing  near  the 
steady  plane  (z=15mm).  This  is  not  due  to  condensation  but 
this  is  a  statisctical  effect:  the  larger  the  droplets  are,  the  more 
inertia  they  have  and  the  later  they  follow  the  gasous  flow.  So 
that  only  the  bigger  droplets  are  crossing  the  steady  plane  and 
the  mean  size  is  increased.  The  droplets  mean  velocity  profile 
shows  a  smooth  decrease  that  may  be  compared  to  the  case  of 
pure  gaseous  counterflows,  (see  Rolon  et  al.  [1991 J). 
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Fig  5:  Mean  droplets  size  and  average  droplets  velocity 
along  Oz  axis  in  the  cold  counterflow  (the  distance  between 
the  two  burners  is  30mm). 


The  same  kind  of  experiments  were  performed  in  the 
burning  flow.  Figure  6  presents  profiles  of  mean  diameter  DlO 
,  droplets  number  density  and  mean  velocity.  The  global 
behaviour  is  the  same  as  for  the  non  reactive  case.  The  mean 
diameter  Djo  remains  constant  in  the  main  flow,  and 
increases  near  the  flame  zone  for  the  same  statistical  effect. 
The  droplets  number  density  exhibits  a  maximum  in  the  same 
zone  due  to  the  fact  that  the  liquid  phase  flow  is  limited  by  the 
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counterflow  and  this  leads  to  accumulation  of  droplets  near  the 
flame.  Droplets  number  density  then  strongly  decreases  to 
zero  after  the  flame  front.  The  velocity  profile  is  also  typical 
from  counterflows.  A  small  increase  in  the  droplets  velocity 
can  be  observed  after  the  flame  front.  This  behaviour  is  due  to 
burnt  gases  expansion  and  is  also  observed  in  pure  gaseous 
flames  (see  Rolon  et  al.  [1991)).  The  same  profiles  have  been 
measured  for  various  values  of  the  flow  velocity  at  the  outlet  of 
the  burner.  The  same  general  trend  is  observed. 
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Fig  6:  Mean  droplets  size,  number  density  and  average 
droplets  velocity  along  Oz  axis  in  the  burning  counterflow 
(the  distance  between  the  two  burners  is  30mm). 


4.  VELOCITY/SIZE  CORRELATION 

One  of  the  main  advantages  of  Phase  Doppler  Velocimetry 
measurement  is  that  velocity  and  size  of  the  droplets  are 
measured  simultaneously.  So  that  velocity  /  size  correlations 
are  available.  We  have  plotted  on  figure  7  such  correlations  for 
the  cold  and  burning  cases  and  for  various  values  of  the  axial 
position  z.  We  can  see  that  in  both  cases  the  droplets  velocity 
at  the  outlet  of  the  burner  (z=6mm  and  z=3mm)  does  not 
depend  of  the  size:  all  the  droplets  are  going  at  the  same 
velocity.  Then,  when  the  distance  with  the  burner  increases, 
the  smallest  droplets  velocity  is  decreasing  faster  than  the 
largest  ones.  This  is  due  to  the  fact  that  the  mass  of  the  larger 
droplets  is  considerably  bigger  than  the  one  of  the  smallest 
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Fig  7:  Measured  velocity  for  each  diameter  class  for  the 
cold  flow  (top)  and  for  the  burning  flow  (bottom). 
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one  (the  mass  is  proportionnal  to  d  ).  And  so  ts  their  inertia. 
The  small  droplets  are  following  the  gaz  motion  better  than 
the  big  ones.  One  can  also  notice  that  in  the  burning  case,  the 
droplets  are  disappearing  before  the  stagnation  plane. 

In  a  simple  flow  pattern  such  as  laminar  counterflow,  it  is 
possible  to  process  these  data  to  obtain  the  drag  coefficient  of 
the  droplets.  Such  measurements  of  the  drag  coefficient  from 
Phase  Doppler  Anemometry  data  have  already  been  performed 

by  Bachalo  [  1994] _ ,  but  in  different  configurations.  Let  us 

assume  that  the  size  distribution  may  be  splitted  into  M 
classes  (D.)._ ^  ^  .  A  drop  is  part  of  class  D;  if  its  diameter  is 
included  between  D.+6/2  and  D.-S/2  .  If  8  is  small  enough,  all 
droplets  of  class  D.  have  the  same  velocity  V.  For  a  drop  of 
class  D..  the  motion  equation  is  then: 

av.  ,  , 

mi-^--mi8  +  Caip(Vg-V.f-jJ-  (1) 

where  m.  is  the  mass  of  one  drop  of  class  D.,  g  is  the  gravity, 
is  the  gaz  velocity  and  is  the  drag  coefficient.  Let  us 
now  assume  that  the  drag  law  may  be  written,  following 
Stokes: 

C  =  (2) 

d  a  Re 

where  a  is  a  constant.  a=l.  stands  for  the  classical  Stokes 
law.  For  a  given  axial  position  z  in  the  flow,  if  a  is  considered 
constant,  one  can  compute  from  the  motion  equation  a  value 
(Vg).  of  the  gaz  velocity  for  each  class  of  droplets  D..  The 
value  of  a  is  then  the  one  that  minimize  the  standard  deviation 
of  CVg);  for  i=l,M,  i.e.  for  all  classes.  We  have  then  both  the 
gaz  velocity  and  drag  coefficient.  Typical  values  of  a  measured 
are  0.5<a<0.6.  This  drag  coefficient  lower  than  the  Stokes 
law  may  be  explained  by  the  interaction  between  droplets. 

We  have  plotted  on  Figure  8  The  ratio  of  the  drag 
coefficient  measured  in  the  flame  using  the  technique  described 
above  to  the  one  given  by  the  Stokes  Law,  versus  the  axial 
coordinate  (z).  This  experimental  case  coresponds  to  an  initial 
velocity  of  the  gas  and  the  droplets  of  0.9  m/s  at  the  outlet  of 
the  burner.  The  mean  values  of  the  drag  coefficient  is,  as 
already  noticed  lower  than  the  one  of  the  classical  Stokes  Law. 
One  can  also  notice  an  important  decrease  of  the  drag 
coefficient  through  the  flame.  This  behaviour  may  be 
explained  by  several  causes.  First  of  all,  strong  variations  of 
the  thermodynamical  and  transport  properties  lake  place  in  the 
flame  front.  These  variation  may  change  the  drag  forces.  The 
evaporation  is  very  fast,  and  the  evaporation  front  is  very  thin 
(see  also  Fig.  6).  In  the  vicinity  of  the  evaporation  front,  the 
gaseous  flow  rate  coming  out  of  the  droplets  is  very  high,  and 


the  Stefan  flow  may  be  very  important  and  change  the 
condition  of  the  flow  around  the  droplets.  So  that  the  drag 
cannot  any  more  be  interpreted  as  the  Stokes  drag. 
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Fig.  8:  Ratio  of  the  measured  drag  coefficient  to  the  Stokes 
law  as  a  function  of  the  axial  coordinate  (z) 


This  behaviour  may  be  important  in  two  phase  flames, 
where  for  instance  a  flame  front  is  propagating  in  a  spray.  In 
that  case  the  trajectory  of  the  droplets  may  be  strongly 
affected  by  the  changes  in  the  drag  force,  due  to  the  same 
variations  of  the  drag  coefficient  we  have  measured. 

5.  CONCLUSION 

Phase  Doppler  Velocimetry  is  a  very  interesting  technique  for 
the  study  of  reactive  laminar  flows.  A  great  care  has  to  be 
taken  of  data  processing  parameters.  But  important 
informations  may  be  collected  on  size,  velocity  and  number 
density  of  the  droplets  in  a  burning  flow.  The  first  interesting 
topic  is  to  check  the  quality  of  the  experimental  setup  in  term 
of  spray  flow  rate,  velocity  and  homogeneity. 

Measurements  of  Droplets  size,  velocity  and  number  density 
is  also  possible  in  the  vicinity  of  a  counterflow  laminar  flame. 
These  quantities  are  of  great  importance  in  the  understanding 
of  flame  spray  interaction.  Counterflow  laminar  flame  is  a 
good  configuration  to  study  this  phenomenum.  Its  simplicity 
makes  possible  further  data  processing  to  compute  drag 
coefficients  and  gaz  velocity.  Interesting  phenomena  have 
been  noticed.  In  our  case,  the  droplets  vaporization  is  very 
fast  and  very  well  localised  in  space.  This  behaviour  may  be  of 
special  interest  for  the  modelling  of  spray  flames.  The  drag 
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coefficient  may  encounter  important  variation  in  the  same 
area.  These  variation  may  cause  changes  in  the  droplets 
trajectories,  especially  if  an  important  velocity  gap  exists 
between  the  two  phases.  This  may  also  be  important  to  take 
into  account  in  turbulent  spray  flames,  were  velocity 
fluctuations  may  induce  trajectories  changes. 

The  work  on  this  topic  is  now  undergoing,  and  further 
measurements  will  be  pursued  to  study  the  influence  of  pressure 
on  spray  flame  interaction.  A  special  care  is  now  taken  of  the 
way  all  these  phenomena  may  be  taken  into  account  in 
modelisations. 
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ABSTRACT 

A  droplet  cloud  of  liquid  fuel  produced  by  an 
ultrasonic  atomizer  was  ignited  hy  a  spark,  and  the  flame  ball 
propagating  outwards  was  observed  in  detail  in  order  to 
elucidate  the  mechanism  of  flame  propagation  and 
complicated  group  combustion  behaviors  of  spray  flames.  For 
that  purpose,  the  instantaneous  images  of  droplet  clusters, 
OH-radical  chemiluminescence  and  C.-band  flame  luminosity 
were  taken  simultaneously,  and  the  light  emission  signals  in 
OH-  and  CH-bands.  Mic-scaltcring  signal  from  droplets,  and 
the  size  and  velocity  of  droplets  were  monitored 
simultaneously  in  time  series.  It  w.as  found  that  a 
nonluminous  flame  propagated  ahead  of  the  luminous  flame, 
and  that  droplets  disappeared  in  the  luminous  flame  zone  due 
to  their  rapid  evaporation,  and  that  a  number  of  small-scaled 
droplet  clusters  were  burning  in  diffusion  combustion  mode 
associated  with  solid-body  emissions  inside  a  flame  ball. 

1.  INTRODUCTION 

The  combustion  of  a  single  droplet  or  a  droplet  array 
has  been  investigated  so  far  by  numerous  researchers  (for 
example.  Williams.  1973;  Law.  1982).  However,  detailed 
structure  and  propagation  mechanism  of  a  flame  propagating 
through  a  droplet  cloud  has  not  been  discussed  extensively 
yet.  A  spray  flame  is  thought  to  be  composed  of  a  number 
of  flamclcts  where  droplets  and  fuel  vapor  bum  in  a 
complicated  manner  interacting  with  each  other  (Facth,  1977; 
Chigicr.  1981;  Nakabc  ct  al„  1991).  Apparently,  random  and 
discontinuous  flame  propagation  occurs  in  a  liquid  fuel  spray 
as  far  as  one  observes  luminous  spray  flames  by  conventional 
high-speed  direct  photography  (Miz.utani  and  Nishimoto.  1972; 
Nakabc  ct  al..  1988).  This  fact  implies  that  the  spray  bums 
in  a  complicated  group  combustion  mode  (Suzuki  and  Chiu. 
1971;  Chiu  and  Liu.  1977;  Chiu  ct  al.,  1982)  being  divided 
into  many  clusters  and  suheiusters  corresponding  to  the 
number  density  distribution  of  droplets.  Since  the 
conventional  high-speed  photography  cannot  visualize 
nonluminous  flames  which  arc  supposed  to  play  an  important 


role  in  the  flame  propagation  process,  the  planar  laser-induced 
fluorescence  (PLIF)  (Allen  and  Hanson.  1986)  or 
chemiluminescence  of  OH-radicals  should  be  observed  to 
elucidate  the  actual  flame  propagation  mechanism  in  a  spray. 
The  simultaneous  visualization  of  luminous  and  nonluminous 
flames  along  with  unbumed  droplets  is  also  very  useful  for 
understanding  of  the  detailed  spray  flame  behavior. 

In  the  previous  study  (Miz.utani  cl  al..  1993),  we 
observed  a  flame  ball  ignited  by  a  spark,  propagating  through 
a  droplet  suspension,  freely  falling  and  entraining  surrounding 
air,  in  order  to  observe  in  detail  the  flame  propagation 
mechanism  and  flame  structure  of  droplet  clusters  burning  in 
sprays  under  the  minimal  influences  of  atomization  process 
and  fluid  motion.  Firstly,  the  characteristics  of  the  droplet 
suspension  were  examined  for  the  non-burning  case  by  the 
simultaneous  measurement  of  the  velocity  and  diameter  of 
droplets  with  three  laser  beams,  two  Hc-Nc  laser  beams  and 
one  Ar*  laser  beams  crossing  at  one  point  with  each  other. 
Secondly,  the  behavior  of  the  growing  flame  ball  was 
examined  by  comparing  the  local  light  emission  signals  of 
OH-  and  Cj-radical  bands  with  the  processed  images  of  the 
flame  ball  obtained  by  a  high-sensilivity  CCD  camera  and  a 
high-speed  camera. 

In  the  present  study,  a  pair  of  short-exposure  images 
of  OH-radical  chemiluminescence  and  cither  of  flame 
luminosity  in  the  C, -radical  emission  band  or  of  Mic- 
scattcring  by  droplet  dusters  were  taken  simultaneously  to 
clarify  the  spacial  relation  between  the  nonluminous  and 
luminous  flame  and  unbumed  droplet  clusters.  Furthermore, 
this  observation  was  compared  with  local  continuous 
measurements,  where  the  size  and  velocity  of  droplets,  signals 
of  the  light  emissions  in  OH-  and  CH-radical  bands  and  Mic- 
scattcring  signal  from  droplets  were  monitored  simultaneously. 
It  was  found  that  a  nonluminous  flame  first  propagated 
continuously  through  a  coexisting  region  of  small  droplets  and 
gas-phase  mixture  and  that  a  number  of  small-scaled  droplet 
clusters  burned  randomly  associated  with  discontinuous 
luminous  llamcs  behind  the  nonluminous  flame  front. 

2.  EXPERIMENTAL  APPARATUS 
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Figure  I  shows  a  schematic  illustration  of  the 
experimental  apparatus.  An  ultrasonic  atomizer  of  ferrite 
magnetostriction  type  (resonance  frcqucncy=18.5  kHz.)  was 
installed  at  the  top  center  of  a  vertical  square  duct  (280mm 
X280mmXI325mm)  for  shielding  the  spray  from 
environmental  disturbances.  A  spark  gap.  4.0  mm  wide,  was 
located  400  mm  below  the  atomizer  tip.  A  liquid  fuel 
(kerosene)  was  fed  to  the  atomizer  hy  a  microsyringc 
pump.  The  freely  falling  droplet  suspension  was  ignited  by 
an  intermittent  electric  spark.  A  pulsc-dclay-gcncralor 
(Stanford  Research  Systems,  WC  Model  DG535)  was  used  to 
control  the  triggering  timing  of  each  instrument  and  device. 


Fig.  2  Optical  image  processing  system 


Preliminary  observation  by  a  high-speed  video  recorder  (Nac. 
HSV-I(KXI)  demonstrated  a  ignition  delay  of  several 
milliseconds,  almost  spherically  propagating  flame  ball  for 
several  tens  of  millisecond  and  the  final  deformation  of  flame 
ball  due  to  buoyancy.  Therefore,  the  observations  were 
confined  in  the  period  or  spherical  flame  propagation. 
Throughout  the  present  experiment,  (he  fuel  injection  rate  was 
kept  4.44  em'/min  and  the  discharge  duration  time  was  20 
ms. 

The  optical  and  image  processing  system  used  to 
oblain  various  simultaneous  flame  images  is  shown  in  Figure 
2.  The  planar  beam  of  an  Ar*  laser  tailored  by  a  cylindrical 
lens  illuminated  a  vertical  plane  involving  the  central  axis  of 
the  apparatus.  The  thickness  of  the  laser  sheet  was 
approximately  1.3  millimeters.  The  light,  perpendicularly 
scattered  by  the  droplets  in  the  rectangular  area  (indicated  in 
Fig.2)  and  passed  through  a  dichroic  mirror  (DM)  and  an 
interference  filter  (F)  (transmission  peak  wavelength  of  514.5 
nm),  was  focused  by  a  UV  Nikkor  lens  onto  the 
photocathodc  of  an  image  intensifier  ([.!.).  On  the  other 
hand.  OH-  chemiluminescence,  emitted  in  the  same  direction, 
reflected  by  the  dichroic  mirror  and  filtered  by  another 
interference  filter  (transmission  peak  wavelength  of  308.5  nm). 
was  foe  used  on  the  photocathodc  of  another  image  intensifier. 
In  order  to  obtain  the  OH-chcmilumincsccncc  image  and  the 
spectral  luminosity  image  of  a  flame  in  the  C,-radical  band 
simultaneously,  the  laser  was  turned  off  and  the  optical 
interference  filler  in  the  droplet  image  path  was  replaced  with 
the  one  for  C2-band.  This  system  consisted  of  a  pair  of 
image  processors  (IP)  and  mechanical  focal  plane  shutters  (S). 
both  of  which  were  controlled  by  the  trigger  controller  (TC) 
D  connected  to  the  personal  computer  (PC).  Image  data  were 
transferred  to  the  computer  and  stored  in  floppy  disks.  The 
ordinary  exposure  were  set  at  1/250  (4  ms).  A  rectangular 
area  for  visualization  arc  indicated  in  Fig.3. 

Figure  4  shows  the  optical  system  for  local  continuous 
monitoring  of  droplet  velocity  and  diameter.  Mic-scallcring 
signals  from  droplets  and  the  light  emission  signals  in  OH- 
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cl  a).,  1990).  The  specification  of  Ihc  PDA  system  is  shown 
in  Table  I. 

The  Mic-scatlcrcd  light  corresponds  to  the  number 
density  of  droplets  or  the  passage  of  droplet  clusters.  Tbc 
OH-hand  luminosity  indicates  the  existence  of  combustion 
reaction  in  case  of  spray  flames  because  relatively  low 
temperatures  (less  than  2000  K)  prevail  in  the  whole  flame. 


PC:Portonal  cixnputar  Qn  t^c  0|hcr  hand,  the  light  emission  in  CM-  and  C3-band 


arc  biased  by  the  continuous  spectrum  of  solid-body  emission, 
so  that  they  correspond  to  each  radical  emission  overlapped 
by  the  solid-body  emission  from  soot  particles  (Mizuiani  cl 
al..  1989).  For  luminous  spray  flames,  the  sensitivity  of  the 
detectors  for  CH-  and  C2-band  emissions  should  be  lowered 
by  an  order  of  magnitude  as  compared  with  the  OH-band 
detector. 


3.  RESULTS  AND  DISCUSSIONS 


3.1  Image  Processing 


Fig.  4  Optical  system  for  local  continuous  monitoring 

and  CH-radical  hands.  The  monitoring  location  was  chosen 
at  23  mm  directly  above  the  spark  gap.  where  the  flame 
propagated  upward  steadily.  The  light  source  for  Mic- 
scattcring  and  PDA  transmitter  was  an  Ar*  laser  (Spectra 
Physics.  Stable  2016.  wave  lcngth=514.5  tint).  The  light 
emissions  in  OH-  and  CH-radical  hands  and  Mic-scatlcring 
from  droplets  were  delected  in  the  direction  perpendicular  to 
the  axis  of  the  PDA  transmitter  using  dichroic  mirrors  (DM), 
optical  interference  fillers  (F)  and  photomultipliers  (PM). 

The  sire  and  velocity  of  droplets  were  also  measured 
simultaneously  using  a  PDA  receiver  (Dantcc.  Model  37X10) 
and  a  signal  processor  (Dantcc.  Model  58NIO).  Scattering 
angle  was  set  at  70.3  degrees.  This  detection  angle  was 
selected  so  as  for  the  first  order  refracted  light  to  be 
dominant  and  the  measured  values  by  PDA  not  to  be 
sensitive  to  the  refractive  index  changes  of  droplets  (Pitcher 
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Figures  5  (a)  and  5  (b)  show  typical  simultaneous 
images  in  OH-  and  Cj-band.  respectively,  al  35.  ms  after  the 
electrical  discharge.  As  mentioned  previously,  in  the  case  of 
luminous  Oamc  like  a  spray  name,  ihc  light  emission  in  C:- 
band  is  biased  by  the  continuous  solid-body  light  emission. 
Because  its  intensity  is  much  stronger  than  that  of  OH-band. 
the  sensitivity  of  the  I.I.  in  C,-band  must  be  lowered  by  an 
order  of  magnitude  than  that  in  OH-band.  Therefore,  the 
region  where  an  intense  OH-band  emission  and  a  weak  C2- 
band  emission  coexist  is  thought  to  be  the  nonluminous  flame 
region.  On  the  other  hand,  the  region  where  both  OH-  and 
C,-band  images  arc  strong  is  thought  to  be  the  luminous 
flame  region  accompanied  with  intense  solid-body  light 
emissions  from  soot.  Furthermore,  the  region  of  intense  C2- 
band  emission  not  synchronized  with  OH  chemiluminescence 
is  regarded  as  the  high  temperature  burnt  gas  region.  It  is 
noticed  from  these  images  that  the  flame  first  propagates 
spherically,  although  the  flame  eventually  drifts  upward  due 
to  buoyancy  effect  as  mentioned  above. 

The  comparison  between  the  images  in  OH-band  and 
Cj-band  reveals  that  Ihc  region  of  intense  OH-band  emissions 
associated  with  weak  Cj-band  emissions  is  located  in  the 
upper  portion  of  the  flame  ball,  whereas  the  intense  C2-band 
emission  region  is  confined  in  the  inner  (lower)  poition  of 
OH  image;  i.c.  the  nonluminous  flame  region  is  followed  by 
the  luminous  flame  region.  The  bright  dots  of  C2-band 
emission  arc  regarded  as  small-scaled  droplet  subclustcrs 
buried  in  a  nonluminous  flame. 

Figures  6  (a)  and  6  (b)  show  typical  images  of  OH- 
band  emission  and  Mic-scattcring  from  droplets,  respectively, 
simultaneously  taken  at  33  ms  after  the  electrical  discharge. 
The  thin  white  streaks  in  Fig. 6  (b)  arc  droplet  dusters 
illuminated  by  Ihc  Argon-ion  laser  sheet.  Because  an  intense 
flame  luminescence  can  pass  through  the  optical  interference 
filter  for  Mic-scatlcring  (FM,)  (transmission  peak  wavelength 
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(a)  OH-hand  image  (b)  C-hand  image  (a)  OH-hand  image  (b)  Mic-scaltcring  image 


Fig.  5  Short-exposure  images  of  OH-chcmilumincsccncc  and  Fig.  6  Short-exposure  images  of  OH-chcmilumincsccncc  and 


flame  luminosity  in  C.-hand 


droplet  distribution 


of  514.5  nm).  both  Mic-scaltcring  image  and  flame 
luminescence  image  arc  superimposed  in  Fig.6  <b)  but  they 
arc  distinguishable  from  each  other  since  the  luminous  flame 
images  arc  blotted  ones  different  from  streaks. 

By  comparing  these  two  images,  it  is  found  that  the 
intense  Oil  emission  appears  in  the  outer  layer  of  the  flame 
hall  and  that  the  luminous  flame  is  located  inside  (he  flame 
ball.  Furthermore,  in  the  outer  region  of  the  flame  ball, 
there  arc  clear  streaks  of  droplet  clusters  regardless  of  the 
existence  of  OH  emission.  Consequently,  it  is  considered  that 
a  nonluminous  flame  is  propagating  continuously  through  the 
region  of  small  droplets  and  gas-phase  mixture  and  the 
remaining  droplet  clusters  penetrate  into  the  nonluminous 
flame.  A  number  of  droplet  clusters  arc  ignited  randomly 
behind  the  nonluminous  flame  and  burn  associated  with 
luminous  flames. 

3.2  Local  Continuous  Monitoring 

Although  two-dimensional  information  can  be  derived 
from  flame  images,  temporal  transition  is  ambiguous.  So.  let 
us  here  compare  the  above  results  with  the  signals  monitored 
at  a  point  continuously.  The  monitoring  location  was  chosen 
at  20  mm  above  the  center  of  the  spark  gap  where  the  flame 
propagated  upward  steadily  as  mentioned  previously.  The 
reason  why  we  adopted  light  emission  in  CH-band  instead  of 
that  in  C:-band  during  the  local  continuous  monitoring  is  that 
it  is  difficult  to  detect  simultaneously  both  C,-band  light 
emission  and  Mic-scattcring  because  their  bands  arc  so  close 
to  each  other.  The  C.-band  is  located  on  the  longer  wave 


length  side  or  the  CH-hand.  so  the  C.-band  is  more  biased 
by  continuous  solid-body  light  emission  than  CH-band.  But. 
we  have  confirmed  in  the  preliminary  experiment  that  flame 
luminosity  both  in  CH-  and  Crbands  show  almost  same 
tendency. 

Figure  7  shows  the  five  simultaneous  signals  at  a 
local  point;  that  is.  OH  emission  (Ion).  CH-band  emission 
(l,„).  Mic-scattcring  from  droplets  (IMS).  droplet  velocity  (Vh) 
and  droplet  diameter  (D).  The  abscissa  is  the  time  after 


t  ns 

Fig.  7  5  simultaneous  signals  at  20  mm  above  spark  gap 
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spark  initiation  in  milliseconds.  Since  we  know  (hat  (he 
flame  propagates  upward  steadily  at  this  point,  these  time 
series  signals  represent  the  stmeture  of  (he  upper  portion  of 
(he  flame  hall.  The  droplet  number  density  under  the  cold 
condition  was  estimated  about  15  pariicics/mm'  by  the 
calibration  method  by  Saffman  (1987). 

The  comparison  between  the  signals  in  OH-band  and 
CH-bands  reveals  that  both  of  (hem  appears  at  the  same  time, 
if  (he  fact  is  considered  that  (he  scale  of  1<„  signal  is  fifty 
limes  larger  than  that  of  I0„.  The  Cll-band  emission 
synchronizes  with  OH  chemiluminescence,  so  that  the  former 
seems  to  be  CH  radical  chemiluminescence.  We  have 
checked  this  by  using  of  the  common  scale  for  the  signal 
intensities.  Thus,  nonluminous  (lames  (IOM  signal)  begin  to 
appear  at  around  50  ms  alter  electrical  discharge,  followed  by 
luminous  diffusion  flames  accompanied  with  solid-body  light 
emission  from  soot  (Itl,  signal)  with  a  delay  of  several  tens 
of  milliseconds.  It  well  corresponds  to  (he  images  in  Figs. 
5  and  6. 

The  Mic-sca(lcring  signal  lMS  gives  us  the  information 
on  the  behavior  of  droplet  clusters  during  the  flame  passage 
through  the  optical  control  volume.  Droplets  randomly  fall 
through  the  control  volume  until  the  luminous  flame  front 
arrives  there.  Only  few  droplets,  on  the  other  hand,  arc 
detected  after  (he  luminous  flame  region  appears,  since  (he 
population  density  of  droplets  rapidly  decreases  due  to  (he 
thermal  expansion,  evaporation  and  combustion  reaction. 

Thus,  we  arrive  the  same  conclusions  as  already 
derived  from  the  image  processing  that  a  nonluminous  flame 
is  propagating  continuously  through  the  region  of  small 
droplets  and  gas-phase  mixture  and  that  remaining  droplet 
clusters  arc  swallowed  into  the  nonluminous  flame  and  then 
a  number  of  droplet  clusters  associated  with  solid-body 
emissions  appear  randomly  and  discominuously  behind  the 
nonluminous  flame  front. 

3.3  Conditional  Sampling  of  PDA  data 

Figures  8.  9  and  10  show  the  size  distribution  of 
droplets,  the  correlation  between  diameter  D  and  axial 
velocity  of  droplets  V„  and  mean  axial  velocity  and  its 
fluctuation  of  droplets  in  every  diameter  range  of  5  pm. 
respectively.  A  solid  circle.  •  in  Fig.  10.  indicates  the 
average  velocity,  and  the  line  segments  correspond  to  ±  root- 
mcan-squarc  (rms)  value  of  velocity  fluctuation.  Sub-indices 
(a),  (b)  and  (c)  in  Figs.  8.  9  and  10  denote  the  cold  flow, 
before  llamc  arrival  and  after  llamc  arrival,  respectively.  The 
data  in  (b)  and  (c)  were  obtained  in  the  way  that  the  data 
of  droplet  size  before  and  after  the  OH  signal  riscup  were 
accumulated  separately  through  several  hundreds  of  runs. 

The  patterns  in  (a)  and  (b)  considerably  resemble  each 
other,  which  suggests  that  the  behavior  of  droplets  is  not 
affected  by  the  llamc  until  the  flame  arrival.  Let  us  here 
compare  the  patterns  in  (a)  and  (b)  with  that  in  (c)  in  order 
to  examine  the  droplet  behavior  behind  the  nonluminous 
flame  front.  The  size  distribution  patterns  in  Fig.  8  docs  not 


change  considerably  between  (a),  (h)  and  (c)  except  for  the 
slight  increase  of  fraction  of  droplets  over  80  pm.  The 
average  velocity  in  Figs.  9  and  10  docs  not  change  much, 
hut  the  width  of  fluctuation  is  expanded  after  the  flame 
arrival  in  every  size  class.  This  fact  suggests  that  dropleLs 
arc  affected  by  the  thermal  expansion  after  the  flame  passage 

4.  CONCLUSIONS 

A  droplet  suspension,  freely  falling  and  entraining 
sunrounding  air.  was  spark-ignited  and  the  flame  propagation 
mechanism  and  flame  structure  were  observed  in  detail.  A 
pair  of  short-exposure  images  of  OH-radical 
chemiluminescence  and  either  droplet  distribution  pattern  or 
flame  luminosity  pattern  in  the  C2-radical  emission  band  were 
taken  simultaneously  to  observe  the  spacial  relation  between 
nonluminous  and  luminous  flame  regions  and  droplet  clusters 
distribution.  These  data  were  compared  with  local  continuous 
measurements,  where  droplet  velocity  and  diameter,  signals  of 
the  light  emissions  in  OH-  and  CH-radical  bands  and  Mic- 
scattcring  signal  from  droplets  were  monitored  simultaneously. 
The  results  were  summarized  as  follows; 

(1)  A  nonluminous  flame  first  propagates  continuously 
through  a  region  of  small  droplets  and  gas-phase 
mixture. 

(2)  Remaining  droplet  clusters  arc  swallowed  into  the 
nonluminous  flame  and  then  a  number  of  droplet 
clusters  associated  with  luminous  flames  appear 
randomly  and  disconlinuously  behind  the  nonluminous 
llamc  front. 
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ABSTRACT 

On  the  way  to  understand  the  soot  origin  mechanisms  in 
diffusion  flames  it  is  necessary  to  determine  the  time 
dependent  size  of  soot  particles  in-situ.  The  combination  of 
laser  light  scatter  and  transmission  methods  on  the 
experimental  side  and  the  G.  Mie  s  theory  on  the  theoretical 
side  has  been  used  to  investigate  the  behavior  of  soot  particle 
diameter,  number  and  density  in  steady  and  non-steady 
flames.  Accurately  determination  of  the  temperature 
dependent  optical  constant  of  soot  particles  in  flames  is  a 
substantial  part  of  the  diameter  measurement. 

The  linked  usage  of  two  different  methods,  one  called 
apto-acoustic  laser  beam  deflection  technique  for 
determination  of  the  soot  particle  temperature,  and  a  light 
scattering/polarization  extinction  ratio  method  to  measure 
the  refractive  index,  size  and  shape,  was  investigated. 

The  scattering/polarization  extinction  ratio  method, 
together  with  a  diffraction  pitch  factor  method  to  consider  the 
influence  of  non-spherical  particles,  determines  the  refractive 
index,  size  and  shape  of  soot  particles  in  diffusion  flame. 

To  consider  the  temperature  impact  onto  the  refractive 
index  measurement,  the  opto-acoustic  laser  beam  deflection 
method,  based  on  the  relation  between  temperature  and 
acoustic  wave  velocity,  was  examined. 


1.  INTRODUCTION 

The  techniques  used  for  particle  size  measurements  in  a 
flame  system  can  be  divided  into  two  categories:  ex  situ  and 
in  situ.  Extracting  the  particles  from  the  flame  by  a  mechani¬ 
cal  probe  or  a  water-cooled  plate  introduces  other  sizing 
techniques,  such  as  electron  microscopy.  These  ex  situ  tech¬ 
niques  have  been  criticized  because  the  flame  is  disturbed 
during  sampling,  and  therefore  the  morphology  of  the  ex¬ 
tracted  particles  can  be  different  from  that  of  the  primary  par¬ 
ticles  in  the  flame. 

For  in  situ  particle  size  measurements  optical  techniques 
are  used  with  the  advantages  of  non-intrusion  of  the  flame 
and  real-time  analysis.  Soot  particle  sizing  in  flames 
(Erickson  eta.  (1964),  D'Alessio  et.  a.  (1972),  D'Alessio  et. 
a.  (1975))  utilizes  the  average  scattered  light  intensity  as  a 
function  of  the  wavelength  and  scattering  direction. 


The  methods  based  on  G.  Mie's  light  scatter  theory  have 
made  it  possible  to  measure  with  some  accuracy  the  diameter, 
number  and  density  of  soot  particles  in  steady  and  non-steady 
diffusion  flames.  However,  the  optical  constant  of  soot  parti¬ 
cles  is  an  uncertain  element  in  determining  their  diameter.  A 
soot  particle  is  an  absorptive  substance,  its  chemical  compo¬ 
sition  is  unclear,  it  changes  in  lifetime,  and  moreover  its  opti¬ 
cal  constant  differs  with  the  temperature  of  the  soot  particle. 
It  is  very  diffrcult  to  determine  accurately  the  complex  tem¬ 
perature  dependent  refractive  index  (the  optical  constant). 
The  temperature  measurement  of  soot  particles  is  an  impor¬ 
tant  foundation  of  the  determination  of  the  refractive  index. 

The  existence  of  spherical  particles  is  a  strong  require¬ 
ment  for  the  use  of  the  Mie  theory  (Mie  (1908))  to  reduce  the 
data.  In  combustion  systems  the  particles  depart  after  their 
formation  from  sphericity  because  of  coalescence  and 
subsequent  agglomeration  into  non-spherical  aggregates.  This 
has  been  pointed  out  by  several  investigators  (Jones  (1972), 
Lee  and  Tien  (1983),  Dtolen  and  Tien(1986),  Drolen  and 
Tien(1987)).  The  aggregates  may  have  various  shapes  such  as 
clusters,  straight  chains  and  /  or  random  structures.  The 
knowledge  of  the  number  of  primary  particles  that  constitute 
the  agglomerate,  their  largest  dimension,  as  well  as  the 
refractive  indices  and  the  size  of  the  primary  particle 
represent  the  first  step  for  a  detailed  characterization  of  a 
given  agglomerate.  In  addition,  since  in  general  the  aggre¬ 
gates  are  elongated  structures  with  different  largest 
dimensions,  their  aspect  ration  distribution  needs  to  be  de¬ 
termined,  and  when  their  total  mass  is  required  the  number 
density  must  also  be  known. 


2.  CHARACTERIZATION  OF  SOOT  PARTICLES 


2.1.  Determination  of  the  Refractive  Index 

With  reference  to  Figure  1,  let  us  consider  a  beam  of 
light  passing  through  a  cloud  of  spherical  particles.  The 
scattering  plane  is  defined  as  the  plane  containing  the 
incident  light  beam  and  the  line  of  sight  to  the  detector.  The 
measured  scattered  light  Ps  is  related  to  the  properties  of  the 
particles  and  the  parameters  of  the  optical  system  by  the 
expression 
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Plp  =  IipM2AVK]pr^,zx 


(1) 


|2 


(5) 


where  Ij  p  is  the  incident  energy  flux,  M2  the  solid  angle  ap¬ 
erture  of  the  collection  optics,  AV  is  the  scattering  volume 
and  Tigp  accounts  for  the  efficiency  of  the  optical  and  elec¬ 
tronic  components  comprising  the  detection  system.  The  sub¬ 
scripts  s  and  p  denote  die  polarization  state  (vertical  or  hori¬ 
zontal)  of  the  incident  and  scattered  beams,  respectively.  The 
parameter  (cm'W*1)  denotes  a  differential  scattering  co¬ 
efficient  and  is  defined  as  the  energy  scattered  per  unit  time 
and  per  unit  volume  into  a  unit  solid  angle  about  a  direction 
0.  Since  the  scattering  intensity  is  attenuated  as  the  light 
travels  between  the  scattering  volume  and  the  detector,  the 
factor  is  introduced  to  account  for  this  attenuation. 


volume 


Fig.  1 .  Experimental  setup  for  the  scattering  measurement  of 
soot  particles 

The  mean  scattering  coefficient  for  a  size  distribution  of 
particles  is  given  by 

K,.p  =  ND,.p  (2) 

where  N  (cm*3)  is  the  particle  number  density  and 
(cm2sr*1)  is  the  mean  scattering  cross-section  for  all  spheres 
in  the  scattering  volume  given  by 


The  differential  scattering  cross-section  for  a  single 
homogeneous  spherical  particle  of  radius  r  is  given  by  the  ex¬ 
pression 


(4) 


where  i_  are  the  Mie  scattering  amplitude  functions 
(Bohien  and  Huffman  (1983),  Van  de  Hulst  (1957),  Kerker 
(1969)) 


The  functions  ay  and  bv  are  the  electric  and  magnetic 
multipole  coefficients  of  the  scattered  light  expressed  in  terms 
of  the  size  parameter  x  =  2rcr fk  and  complex  refractive  index 
n  =  m  -ik.  The  functions  rtv  and  tv  are  expressed  in  terms  of 
the  associated  Legendre  polynomials  and  depend  only  on  the 
scattering  angle  ©.  The  function  P(r)  represents  the  size 
distribution  of  the  particles  and  for  the  flame  soot  is  usually 
taken  to  be  the  zero  order  log  normal  distribution  function 
(Kerker  (1957)).  For  a  distribution  of  sizes  with  average 
particle  radius  r0  and  geometry  width  o,  P(r)  may  be  ex¬ 
pressed  as 


As  mentioned  earlier  the  angular  and  size  parameter 
dependencies  of  the  scattering  cross  section  in  combination 
with  the  extinction  cross  section  and  an  experimentally 
determined  refractive  index  can  yield  the  particle  size  and 
particle  size  distribution.  However,  it  is  essential  to  determine 
not  only  the  soot  particle  temperature  but  also  the  temperature 
dependent  refractive  index  of  the  soot  particles  as  a  Erst  step 
in  particle  size  measurement. 

2.2.  Measurement  of  the  Soot  Particle  Temperature 

The  strong  impact  of  soot  particle  temperature  on  the 
refractive  index  requires  an  exactly  determination  of  the 
flame  temperature  close  to  a  particle. 

This  experimental  technique  is  based  on  the 
thermodynamic  dependence  of  the  acoustic  wave  velocity 
from  the  temperature  T  (Eq.  8).  The  change  into  Eq.  9  shows 
the  implementation:  The  measurement  of  the  acoustic  wave 
velocity  a,  linked  with  a  calculation  of  the  thermodynamic 
parameters  of  the  gas  at  the  measurement  volume,  leads  to  the 
determination  of  the  temperature  T  at  this  point  in  the  flame. 

a  =  JkRT  (8) 


The  measurement  of  the  acoustic  wave  velocity  was 
realized  by  deflection  of  two  parallel  HeNe  laser  beams  based 
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on  the  change  of  the  local  refractive  index  in  the  flame.  The 
propagation  of  a  spherical  acoustic  wave  through  the  flame 
produces  this  change  of  the  refractive  index  and,  furthermore, 
the  deflection  (Figure  4). 

Computation  of  the  thermodynamic  parameters  like 
specific  heat  cv  and  molecular  weight  M  requires  an 
information  about  the  local  consistence  of  the  flame  at  the 
measurement  point.  This  will  be  discussed  in  more  detail  in 
Section  "Modeling”. 


3.  EXPERIMENTAL  SETUP 


3.1.  Soot  Particle  Detection  by  Light  Scattering  Techniques 


The  experimental  methods  in  determining  the  refractive 
index  can  be  divided  to  the  light  scattering  method  and  the 
transmission  law  method. 

The  light  scattering  method  is  an  application  of  the 
polarization  ratio  method.  The  refractive  index  is  measured  by 
determining  the  polarization  ratio  between  two  polarized  light 
components  vertical  and  horizontal  to  the  incident  light  at  a 
position  where  the  incident  light  is  at  an  angle  of  120°  (the 
scattering  angle:  0  =  60°)  to  the  scattered  light  from  the 
measured  object  and  as  an  function  of  at  least  two  different 
laser  wavelengths  with  the  absorption  factor  kept  constant 
The  transmission  law  method  estimates  the  refractive 
index  by  measuring  how  much  light  is  reduced,  (the 
attenuation  factors  of  the  light  at  two  specific  wavelengths  X, 
and  X^)  after  it  has  passed  through  the  measured -object  then 
determining  the  specific  ratio 


ln  Vx, 

ln'*.X2 


(10) 


of  the  logarithmic  decrements  of  the  wavelengths  determined 
through  the  monochromator  and  the  CCD  camera.  Since 
arbitrary  incident  light  passes  through  e.g.  the  flame,  the 
specific  ratio  between  the  logarithmic  values  of  the  two 
attenuation  factors  is  equal  to  their  attenuation  coefficient 
ratio 


components  had  a  100:1  extinction  ratio.  Pulse  energy  and 
pulse  width  were  approximately  15  mJ  at  10  ns. 

The  wavelength  dependence  on  the  form  factor 
determined  by  measurement  of  the  scattered  light  under  two 
angles  is  shown  in  Figure  3.  This  is  an  agreement  with  the 
theory  described  above. 


Fig.  2.  Experimental  setup  for  soot  particle  characterization 


560  562  564  566  568  570 

wovelength  X^  [run] 

Fig.  3.  Intensity  ratio  under  two  angles  for  different 
wavelengths,  scattered  at  a  diffusor 


GU, 

Here  the  particle  diameter  changes  when  the  refractive 
index  changes  relative  to  the  attenuation  coefficient  ratio.  In 
this  way  we  obtain  the  particle  diameter  and  the  refractive 
index  common  to  the  measured  values  of  both  the  polarization 
ratio  and  the  attenuation  coefficient  factor  ratio. 

The  experimental  setup  is  illustrated  in  Figure  2.  The 
output  of  a  Nd:YAG  frequency-doubled  pumped  broad  band 

dye  laser  is  polarized  at  45°  and  is  focused  to  a  width  of 
approximately  400  ftm  into  the  slit  burner.  The  polarization 


Single-shot  scattered  intensity  of  the  focused  dye  laser 
was  acquired  by  use  of  photomultipliers.  Required  for 
polarization  ratio  and  extinction  measurements,  but  this 
enables  normalization  of  the  scattered  intensity  measurement 
by  the  laser  energy  for  each  single-shot  Furthermore  this 
provides  a  useful  check  on  the  alignment  of  the  soot  particle 
stream  and  the  laser  illumination  focus,  because  the  same 
scattered  intensity  after  normalization  by  the  laser 
illumination  should  result.  Single-shot  spectral-intensity 
profiles  will  be  monitored  with  a  spectrograph  system. 

A  typical  spectrum  showed,  that  shot-to-shot  variations 
in  the  spectral  profile  will  not  affect  the  accuracy  of  the 
measurement  (the  magnitude  of  residual  oscillation  did  not 
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of  s  =  4  mm  with  an  accuracy  of  As  =  +/-  0.02  mm  using  a 
diffraction  technique. 


beam  separation 


HeNe-laser 

beams 


Nd-YAG  laser  beam 


transit  time 


Fig.  4  Experimental  setup  for  the  temperature  determination 
of  soot  particles  in  a  flame 


4.2.  Measured  Profiles 


For  this  study  a  slit  burner  (acetylene-air-flame,  dimensions 
of  the  slit:  1  mm  x  50  mm)  with  a  pre-mixed  equivalence  ratio 
of  X  *  0.7  was  used.  This  burner  produces  a  rather 

Acetylene-air-flame 


Measured 

profiles 


Slit  burner 
Fig.  5  Traces  of  the  measured  profiles 


change  appreciably).  A  small  fraction  of  the  energy  from  the 
532  nm  pump  beam  split  off  and  focused  into  the  slit  burner. 
This  focus  with  a  width  of  approximately  150  pm  is  aligned 
collineariy  with  the  propagation  axis  of  the  focused  broad 
band  dye  laser  beam.  The  532  nm  focus  serves  as  a 
conditional  sample  volume  that  indicates  whether  particles 
were  in  the  larger  focus  volume  of  the  broad  band  laser  beam. 
This  is  necessary,  because  the  illumination  intensity  will 
presumably  cancel  out  in  the  polarization  ratio.  However,  the 
position  of  the  soot  particle  within  the  focus  not  only  affects 
the  intensity  of  the  scattered  light  but  also  influences  the 
polarization  ratio  by  changing  the  relative  contributions  of  the 
different  scattering  mechanisms.  To  our  knowledge  particle 
position  is  an  important  effect  that  limits  practical  application 
of  the  technique  to  particle  sizes  smaller  than  the  beam  waist 
width. 

3.2.  Temperature  Measurement  by  Opto-acoustic  Laser  beam 
Deflection 

To  determine  the  acoustic  wave  velocity  in  the  flame 
close  to  a  particle,  two  parallel  HeNe  laser  beams  were 
focused  in  the  flame  using  long  focal-length  lenses  (f  =  500 
mm).  The  position  of  the  beam  waist  diameter  (less  than  1 
mm)  defines  the  measurement  plane. 

For  the  detection  of  the  deflection  two  position-sensitive 
detectors,  each  having  four  quadrants,  were  used.  The 
accurate  setup  of  the  diodes  guarantees  the  detection  of  only 
one  direction  of  deflection,  parallel  to  the  plane  of  the  two 
HeNe  laser  beams  (Ineichen  et.  a.  (1992),  Ineichen,  Mandel 
(1993)). 

A  frequency-doubled  Nd:YAG  laser  pulse  (532  nm), 
focused  onto  a  target,  produces  the  spherical  acoustic  wave  by 
local  heating  of  the  gas.  The  propagation  of  the  acoustic  wave 
through  the  flame  changes  the  refractive  index  of  the  gas.  The 
deflection  signals  of  the  two  parallel  HeNe  laser  beams  are 
compared  to  determine  the  transit  time  of  the  acoustic  wave 
through  the  flame  (Figure  4). 


4.  MEASUREMENT 

The  first  part  of  out  experiment  belongs  to  the 
determination  of  the  temperature  in  the  flame  very  close  to 
the  particle.  Under  the  assumption  that  the  radiation  of  the 
soot  particles  produces  a  negligible  drop  in  temperature 
relative  to  that  of  the  surrounding  gas,  the  temperature  of  the 
soot  particles  is  determined  by  the  following  results. 

4.1 .  Critical  Parameters  of  the  Temperature  Measurement 

The  target  used  for  the  acoustic  wave  source  should  be 
placed  inside  the  measurement  plane  defined  by  the  two 
parallel  HeNe  laser  beams.  A  target  outside  of  this  plane 
would  results  in  a  deflection  that  contains  a  component 
outside  of  the  main  deflection  plane.  The  distance  between 
the  two  HeNe  probe  beams  was  carefully  adjusted  to  a  value 


2 -dimensional  flame.  Figure  5  shows  the  position  of  the 
measured  profiles.  Each  profile  consists  of  approximately  15 
measurement  points  along  the  y-axis;  5  measurements  were 
made  at  each  point.  Figure  6  shows  typical  deflection  signals 
with  a  statistical  deviation  less  than  1%  by  measuring  the 
transit  time  in  the  flame.  The  exact  y-position  of  the  profiles 
is  defined  by  the  focal  plane  of  the  two  HeNe  laser  beams. 


The  determination  of  the  temperature  inside  the  flame 
based  on  acoustic  wave  velocity  measurements  demands  the 


5.  MODELING 


12.5.4. 


calculation  of  the  thermodynamic  parameters  of  the  gas  at  the 
measurement  volume.  Furthermore,  an  acetylene-air-flame 
burning  in  an  environment  of  air,  produces  a  diffusion^ 
stream  of  air  into  the  flame  changing  the  local  equivalence 
ration.  The  model  described  in  this  section  considers  this 
diffusion. 
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Fig.  8  Local  computed  equivalence  ratios  X  for  different  pre¬ 
mixed  flames,  at  45  mm  above  the  burner  exit  plane 


Fig.  6  Multiple  deflection  signals  at  the  same  measurement 
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Fig.  9  Temperature  profiles  in  different  heights  above  the 
burner  exit  plane  for  a  global  equivalence  ratio  of 
X_,  =  0.7 


Fig.  7  Local  computed  velocity  profiles  for  different  premixed 
flames,  at  45  mm  above  the  burner  exit  plane 

The  computation  of  the  local  jet  velocity  in  the  flame  is 
based  on  the  continuity  equations  for  the  fuel  mass  and  on  the 
momentum  continuity  equation  (Ineichen  et.  a.  (1992),  Kee 
et.  a.  (1992),  Ineichen,  Mandel  (1993)).  The  consideration  of 
the  boundary  conditions  (u_=*0)  gives  a  similarity  between  the 
local  jet  velocity  ami  the  local  fuel  mass  concentration. 
(Figure  7  and  Figure  8). 

Furthermore,  the  calculation  of  the  ratio  of  the  given 
species  C,  CO,  COr  HjO  H,,  and  OH  in  the  burned  region  of 
the  flame,  based  on  the  known  local  equivalence  ratio  X,  was 
made  under  the  use  of  the  CHEMKIN  code  (Kee  et.  a. 
(1992)). 


6.  RESULTS 


6.1.  Measurement  of  the  Local  Particle  Temperature  in  the 
Flame 

In  a  first  step  some  profiles  in  a  flame  with  a  pre-mixed 
equivalence  ratio  of  X  =  0.7  were  made  in  different  heights 
above  the  burner  head.  The  model  described  in  the  section 
above  was  used  to  determine  the  local  equivalence  ratio  in  the 
flame  considering  the  temperature  dependent  consistence  of 
the  flame.  The  measured  profiles  are  shown  in  Figure  9. 

in  the  center  of  the  flame,  belonging  to  the  parameter 
"thickness”  =  0,  a  typical  temperature  decrease  is  shown, 
corresponding  to  the  predictions  of  the  model.  Figure  10 
compares  the  predictions  of  the  model  and  the  experimental 


results.  A  final  comparison,  Figure  11,  was  made  with  the 
same  flame  under  the  same  conditions  with  holographical 
interferometry. 


y  [mm] 


Fig.  10  Temperature  profiles  for  a  global  equivalence  ratio  of 

_ =  0.7  at  a  height  of  h  =  20  mm.  Comparison  of 

model  predictions  and  experimental  results 


Fig.  1 1  Temperature  profiles  for  a  global  equivalence  ratio  of 
XgMtl  =  0.7  at  a  height  of  h  =  20  mm.  Comparison  of 
holography  and  laser  beam  deflection  method 
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UNDER  RUNNING  ENGINE  CONDITIONS 


K.-U.  Munch  and  A.  Leipertz 


Lehrstuhl  fur  Technische  Thcrmodynamik 
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ABSTRACT 

A  two-dimensional  Mie  scattering  technique  was 
applied  for  spray  diagnostics  inside  a  real  direct  injection 
Diesel  engine.  The  engine  was  provided  and  driven  by 
Volkswagen  and  was  modi  Tied  to  allow  an  optical  access  to 
the  piston  bowl.  The  light  sheet  was  positioned  slightly  below 
the  five  hole  nozzle.  Therefore  the  liquid  fuel  distribution  of 
each  individual  spray  jet  inside  the  light  sheet  plane  could  be 
determined  by  the  detection  of  the  scattered  light  from 
droplets.  The  measurements  were  performed  with  an 
intensified  CCD  camera.  The  temporal  resolution 
corresponded  to  the  shutter  time  of  1 00  ns.  The  spatial 
resolution  was  sufficient  to  determine  the  shape  of  the  liquid 
fuel  distributions  and  their  position  inside  the  light  sheet 
plane.  The  spray  penetration  process  inside  the  engine  could 
be  investigated  under  running  engine  conditions  and 
compared  to  empirical  and  theoretical  results  from  literature. 


1.  EXPERIMENTAL  SETUP 

The  measurements  were  performed  inside  a  transparent 
four  cylinder  1 .9 1  direct  injection  (DI)  Diesel  engine  which 
was  provided  and  driven  by  VOLKSWAGEN.  The  optical 
access  was  achieved  by  windows  inside  the  piston  and 
cylinder  walls.  A  schematic  of  the  setup  is  given  in  Figure  1. 
In  order  to  generate  a  light  sheet  inside  the  piston  bowl  an 
Ar-Ion-Laser  was  used.  The  irradiation  power  was  adjusted  to 


7  W  at  a  wavelength  of  488  nm.  By  means  of  an  irradiation 
optics  the  laser  beam  was  formed  to  a  thin  light  sheet  with 
thickness  of  approximately  200  microns  and  focused  into  the 
measurement  volume.  The  light  sheet  was  positioned  5  mm 
below  the  five  hole  nozzle.  Perpendicular  to  the  light  sheet 
plane  the  scattered  light  was  delected  by  an  intensified  CCD 
camera.  The  temporal  resolution  of  the  measurement  system 
corresponded  to  the  camera  shutter  time  of  100  ns.  The 
spatial  resolution  was  0.1  mm  x  0.1  mm.  Due  to  constructive 
reasons  not  the  whole  area  of  the  piston  bowl  could  be 
detected.  The  limited  observation  area  is  indicated  in 
Figure  2. 


Fig.  2  Light  sheet  area  inside  the  measurement  field  of  the 
camera 


In  order  to  suppress  the  flame  luminosity  during  the 
combustion  process  an  interference  filter  was  applied  in  front 
of  the  detection  optics.  The  image  intensifier  operated  as  a 
fast  shutter  without  setting  the  gain  option  in  order  to  retain 
the  whole  dynamic  range. 

2.  EVALUATION  PROCEDURE  AND  MEASUREMENT 
RESULTS 

The  Mie  scattered  signal  detected  from  the  camera 
system  contains  three  signal  portions  which  have  to  be 
separated.  Figure  3  presents  the  measured  intensities  along  a 
line  from  the  orifice  of  the  nozzle  to  the  spray  tip. 
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The  strongest  signal  portion  was  detected  front  ihe  light 
sheet  signal  generated  by  droplets  staying  inside  the  light 
sheet  during  the  exposure  time.  The  other  signal  portions 
occur  due  to  multiple  scattering,  diffuse  illumination  of  the 
piston  bowl,  reflections  on  engine  components  and  sensor 
noise  denoted  as  integral  scattering  and  background  signal  in 
figure  V  The  integral  scattering  signal  can  be  exploited  to 
determine  the  spray  parameters  like  the  spray  tip  penetration 
and  the  cone  angle 


ITg.  3  Inlensiliv  profile  along  a  line  inside  a  measured  liquid 
fuel  distribution 

To  distinguish  the  light  sheet  signal  from  the  other 
signal  portions  a  sleep  intensity  gradient  at  the  edges  of  the 
liquid  fuel  distributions  can  be  used.  The  intensity  gradient  of 
the  increasing  intensities  can  certainly  be  recognized.  In  order 
to  distinguish  between  the  signal  portion  tangents  can  be 
applied  to  the  light  sheet  signal  and  the  integral  scattering 
signal  providing  a  point  of  intersection  which  can  be  used  to 
define  an  intensity  threshold.  My  means  of  this  threshold  a 
binary  liquid  fuel  distribution  can  he  calculated  from  the 
measured  intensity  distribution,  see  Miinch  and 
Leipertz  ( 1 992 1 

The  measurements  show,  that  strong  cycle  fluctuations 
occur  at  the  same  iniection  lime  in  successive  cycles, 
figure  4  presents  as  an  example  four  different  measurements 
for  the  same  crank  angle  position  The  black  areas  inside  the 
bright  ranges  of  the  spray  jets  correspond  to  the  determined 
binary  liquid  fuel  distributions  of  the  individual  jets. 


fig.  4  Fluctuations  of  the  liquid  fuel  distributions  inside  the 
light  sheet  plane  (black  areas)  in  successive  cycles 


The  strong  fluctuating  behaviour  can  be  expressed  h\  a 
frequency  distribution  of  the  local  appearance  ol  liquid  lucl 
inside  the  light  sheet.  The  binary  liquid  fuel  distributions  of  a 
certain  injection  time  can  be  superposed  by  image  processing 
in  order  to  achieve  staiistic.il  information  Subsequently  the 
result  can  he  normalized  by  the  number  of  distributions  taken 
into  account  to  obtain  probability  values  between  0  and  1 
figure  5  presents  a  calculated  Appearance  Frequency 
Distribution  (AfD)  for  a  certain  inicclion  tunc  at  top  dead 
center. 


Fig.  5  Calculated  appearance  frequency  distribution  of  the 
liquid  fuel  at  TDC 


The  probability  values  increase  from  dark  to  bright 
colours.  The  whole  injection  process  can  be  described  with 
AFDs  by  scanning  the  injection  process  in  successive  tune 
steps.  The  experimental  effort  for  such  a  description  is  very 
high,  but  it  provides  valuable  information  of  the  spray 
penetration  process  and  the  results  can  be  compared  with 
numerical  calculations. 

From  the  ADFs  of  each  jot  also  the  centers  of  gravity 
were  determined.  They  define  the  points  of  intersection 
between  the  jet  axis  and  the  light  sheet  plane.  A  comparison 
of  these  points  with  the  points  of  intersection  given  from  the 
geometry  of  the  nozzle  holes  has  indicated  that  deviations  in 
the  direction  of  the  spray  penetration  occur  in  dependence  of 
the  injection  time  and  the  engine  operating  point  under 
investigation.  It  has  been  pointed  out  hv  Miinch  and  Leipertz 
(1993  and  1994)  that  these  deviations  cannot  be  determined 
with  conventional  imaging  techniques  integrating  the 
detected  signal  over  the  path  of  observation 

The  already  described  integral  scattering  signal  can  be 
easily  distinguished  from  the  light  sheet  signal  (see  figure  3i 
and  can  be  used  for  the  investigation  of  the  spray  penetration 
process  in  observation  direction  comparable  to  investigations 
with  ihe  often  used  shadowgraphs  technique  f  igure  h  show , 
the  measurement  results  of  the  spray  tip  penetration  in 
comparison  to  calculated  curves  troui  empirical  and 
theoretical  equations  by  Wakun  cl  ill  i  I90()|.  Tavlor  and 
Walsham  (1970).  Dent  ( 1  *>7 i  ).  I  ustgarlenl  !'>74).  I  ujimoto  ,•( 
nl  ( 19X1 ).  Iliroyasu  and  Aral  ( 1  *»>(1 1.  and  Yule  cl  til  ( |9»j| ) 

In  comparison  to  the  calculated  curves  smaller  values  of 
the  spray  tip  penetration  were  measured  inside  the  engine  for 
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Fig.  6  Spray  tip  penetration  in  dependence  of  the  injection 
time  Tor  a  transient  injection  process 

the  considered  engine  operation  point.  It  can  be 
demonstrated,  that  most  of  the  theoretical  and  empirical 
equations  were  derived  for  another  range  of  engine  speed  and 
that  therefore  no  good  agreement  to  our  mesurements  could 
be  expected.  Agreement  was  found  for  the  equations  of 
Taylor  and  Walsham  (1970)  and  of  Wakuri  *f  al  (1960). 

Taylor  and  Walsham  (1970)  employed  both 
conventional  and  schlieren  photography  for  tracking  the 
penetration  of  single  injections  of  fuel  into  quiescent  nitrogen 
at  high  pressure.  The  experimental  conditions  were  matched 
to  medium  speed  Diesel  engines  with  a  bore  of  approximately 
200  mm,  being  one  order  of  magnitude  larger  than  in  small 
high  speed  Diesel  engines.  Thus  the  good  agreement  seems  to 
be  more  accidental  in  view  of  our  conditions.  The  equation  by 
Wakuri  el  al  (1960)  needs  the  experimentally  determined 
cone  angles  of  the  jets  as  the  most  relevant  input  parameter. 
Here,  agreement  with  the  experiment  is  much  more  probable, 
but  it  also  gives  an  indication  for  the  internal  coincidence  of 
our  measurements  and  thus  for  the  measurement  technique 
applied. 

The  comparison  of  the  applied  Mie  light  sheet 
technique  and  shadowgraphy  measurements  provides  in 
general  good  agreement  between  the  achieved  spray  tip 
penetration  measurements.  Cone  angle  measurements  with 
both  techniques  deviate  from  each  other.  The  cone  angles 
measured  by  the  shadowgraphy  technique  were  larger  than 
the  determined  cone  angles  from  the  Mie  scattering 
experiments  under  the  same  engine  conditions.  Reasons  for 
this  behaviour  may  be  found  in  the  different  basic  principles 
of  both  techniques.  The  scattering  cross  section  of  the  Mie 
signal  decreases  rapidly  with  decreasing  droplet  diameter.  It 
might  be  possible,  that  the  very  small  droplets  at  the  edges  of 
the  spray  cannot  be  detected  appropriately  due  to  their  small 
cross  sections.  On  the  other  hand  it  may  also  be  possible,  that 
the  evaporating  fuel  vapor  close  to  the  spray  edges  are 
detected  as  a  real  signal  contribution  by  the  shadowgraphy 
technique  thus  not  giving  information  on  the  liquid  pan. 
More  detailed  investigations  seem  to  be  necessary  to  clarify 
this  problem,  which  surely  must  be  found  in  the  measurement 
techniques. 
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ABSTRACT 

Laser-Doppler  measurements  of  velocity  characteristics 
are  presented  for  the  turbulent  channel  flow  established 
between  two  wavy  surfaces  (top  and  bottom)  with  an 
amplitude-to-wavelength  ratio  of  hA=  0.22  and  mounted 
downstream  of  a  fully-developed  channel  flow  for 
Reynolds  numbers  up  to  3.6x10^.  The  study  involves 
analysis  of  the  flow  for  two  different  channel  heights, 
namely  H2/h=  2.55  and  3.55,  with  the  latter  being 
associated  with  the  occurrence  of  flow  recirculation  in  the 
lee  of  the  concave  surfaces.  The  results  reveal  a  flow 
structure  qualitatively  similar  to  that  found  in  other 
turbulent  curved  flows  and  include  analysis  of  the 
turbulent  stresses  in  order  to  identify  the  effect  of  extra 
rates  of  strain  on  the  mean  flow.  Their  implications  for 
the  calculation  of  recirculating  and  non-recirculating 
turbulent  flows  over  curved  boundaries  using  turbulence 
models  are  discussed  through  analysis  of  the  terms  in  the 
conservation  equation  of  turbulent  kinetic  energy. 


1.  INTRODUCTION 

Turbulent  flows  distorted  by  imposed  boundaries,  namely 
those  under  the  influence  of  longitudinal  streamline 
curvature,  experiences  large  positive  and  negative 
pressure  gradients  and  have  been  the  subject  of  intensive 
experimental  research  in  the  last  two  decades,  with  the 
common  aim  of  improving  knowledge  of  the  effect  of 
extra  strain  rates  (i.e.,  rates  of  strain  additional  to  simple 
shearing)  on  the  behaviour  of  turbulent  flows. 

It  should  be  noted  that  it  has  been  recognized  for  many 
years  (e.g.  Bradshaw,  1973;  Bradshaw  and  Johnston, 
1988)  that  a  small  amount  of  streamline  curvature  can 
have  a  significant  effect  on  the  behaviour  of  a  turbulent 
flow.  The  magnitude  of  this  effect  is  obviously  dependent 
upon  the  ratio  of  the  shear  layer  thickness,  6,  to  the  ratio 
of  curvature,  R,  of  the  imposed  boundaries  and,  for 
example,  Baskaran  et  al  (1987)  have  shown  that  the  flow 


may  separate  in  the  lee  of  curved  surfaces  for  5/R  <1  due 
to  strong  adverse  pressure  gradients.  In  general,  analysis 
has  been  focused  on  flows  over  a  curved  surface  free  of 
the  influence  of  additional  shear  or  of  other  flow 
boundaries  (Buckles  et  al,  1984;  Patel  et  al,  1990). 

The  presence  of  an  additional  interacting  shear  layer  may 
alter  the  pressure  distribution  along  the  flow  and, 
consequently,  minimize  the  effect  of  8/R  mentioned 
above.  This  paper  is  aimed  to  quantify  this  phenomena, 
in  that  the  flow  established  between  two  parallel  and  out- 
of-phase  curved  surfaces  is  studied  for  different  interacting 
levels  of  the  shear  layers  formed  in  the  vicinity  of  each 
surface. 

The  work  follows  that  of  Almeida  et  al  (1993)  for  the 
channel  flow  over  a  large  amplitude  wavy  surface  (i.e., 
the  bottom  wall)  and  is  centered  on  obtaining  a  basic 
understanding  of  the  conditions  for  which  a  recirculating 
zone  is  formed  in  the  wake  of  the  surfaces.  The  previous 
flow  field  has  been  strained  by  a  geometrically-similar 
wavy  surface,  so  that  it  resembles  the  flow  in  a  wavy 
channel. 

The  next  section  describes  the  experimental  method, 
gives  details  of  the  flow  configuration,  of  the  laser- 
Doppler  velocimeter  and  of  the  errors  incurred  in  the 
measurements.  Section  3  presents  the  mean  and 
fluctuating  velocity  characteristics  of  the  flow  between 
wavy  surfaces,  and  discusses  the  results  in  terms  of  their 
contribution  to  improve  knowledge  of  complex  flows. 
The  last  section  summarizes  the  main  findings  and 
conclusions. 


2.  EXPERIMENTAL  CONFIGURATION 
AND  PROCEDURES 

The  experiments  were  conducted  in  the  long  horizontal 
water  tunnel  made  of  perspex,  0.170  m  in  depth,  0.2  m 
in  width  and  7  m  in  length,  of  DurSo  et  al  (1989).  The 
facility  has  a  recirculating  system  whereby  the  water  is 
drawn  from  a  constant-head  discharge  tank  and  pumped 
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into  a  pressurized  tank.  The  water  is  then  passed  through 
siraightners  and  screens  upstream  of  the  duct  inlet,  which 
assures  the  uniformity  of  the  flow. 

The  curved  surfaces  were  made  of  plastic  and  its  shape  is 
that  of  the  plane  of  symmetry  of  the  3-D  hills  used  by 
Hunt  and  Snyder  (1980)  which,  ideally,  is  the  inverse  of 
a  fourth  order  polynomial.  The  height  and  radius  of  the 
base  of  the  wavy  surfaces  are  respectively  equal  to  h=  29 
mm  and  R=  67  mm  (figure  1): 


Figure  1.  Schematic  diagram  of  the  flow 
configuration. 

their  wavelength  is  X=  134  mm=  2R.  The  measurements 
reported  here  were  obtained  for  two  different  channel 
heights,  namely  for  H2/h=  2.55  and  3.55.  The  origin  of 
the  horizontal,  x,  and  vertical,  y,  coordinates  is  taken  on 
the  top  of  the  bottom  surface,  and  the  results  are 
presented  in  terms  of  a  dimensionless  channel  height. 

The  measuring  section  was  located  about  6  m 
downstream  of  the  tunnel  inlet,  where  iaser-Doppler 
measurements  obtained  in  the  absence  of  any 
perturbation,  and  along  several  vertical  profiles,  have 
identified  a  fully  developed  channel  flow,  which  has  been 
analyzed  in  detail  by  Almeida  et  al  (1990).  The  upstream 
mean  reference  velocities  for  the  two  flow  conditions 
studied  were  respectively  equal  to  <Uo>=  1.487  and 
1.340  m/s,  with  the  centerline  turbulence  intensity  of 
3%:  the  friction  factor  is  Cf^0.0035  and  the  wall  friction 
velocities  were  Ux  =  0.13  and  0.10  m/s  for  H2/h=  2.55 
and  3.55  respectively.  The  Reynolds  number  of  the  flow 
for  these  two  conditions,  based  on  the  mean  reference 
velocity  in  the  wavy  channel,  <U>,  and  its  hydraulic 
diameter,  was  kept  constant  at  3.6x1  (A 

Velocity  was  measured  by  a  laser-Doppler  velocimeter 
operated  in  the  dual-beam,  forward-scatter  mode  with 
sensitivity  to  the  flow  direction  provided  by  light- 
frequency  shifting  from  acousto-optic  modulation  (Bragg 


cells).  The  resulting  frequency  shift  was  normally  set  at  2 
MHz.  The  principal  characteristics  of  the  Iaser-Doppler 
velocimeter,  and  in  particular  those  of  the  transmitting 

optics,  arc  summarized  in  Tabic  1. 


Table  1  -  Principal  characteristics  of  the 
laser-Doppler  velocimeter 


•  Argon-Ion  laser  (1W, 
nominal);  wavelength 

514.5  nm 

•  local  length  of  focusing  lens 

310  mm 

•  laser  beam  diameter,  at  e"^ 
intensity 

1.5  mm 

•  measured  half-angle  of  beam 
intersection  (in  air) 

4.85° 

•  calculated  half-angle  of  beam 
intersection  (in  water) 

3.64° 

•  calculated  dimensions  of 
measuring  volume,  at  e*2 
intensity,  (major  and  minor 

1.107; 

axis  of  ellipsoid  in  water) 

0.136  mm 

•  velocimeter  transfer  constant 

0.315  MHzAms-1) 

The  light  scattered  by  naturally-occurring  centers  in  the 
water  was  collected  by  a  lens  (focal  length  of  200  mm) 
and  focused  onto  the  pinhole  aperture  (0.3  mm)  of  a 
photomultiplier  (OEI,  type  LD-0-810)  with  a 
magnification  of  1.0.  The  output  of  the  multiplier  was 
band-pass  filtered  and  the  resulting  signal  processed  by  a 
purpose-built  frequency  counter  operated  in  the  single- 
measurement-per-burst  mode  with  fixed  cycles  (N=8) 
validated  in  the  time  domain  within  1%.  The  validated 
data  were  transferred  to  a  laboratory  8-bit  minicomputer, 
where  the  time-averaged  moments  of  velocity  were 
evaluated. 

The  complete  LDV  system  was  mounted  on  a  three- 
dimensional  traversing  unit,  allowing  the  positioning  of 
the  laser-velocimeter  control  volume  within  ±  0.25  mm. 
Spectral  analysis  of  the  LDV  velocity  signals  was  carried 
out  by  sampling  and  holding  the  velocity  at  each  new 
Doppler  burst  until  another  valid  signal  arrives.  A  high 
mean  sampling  frequency  up  to  2  KHz  was  used, 
suggesting  that  structures  of  the  order  of  1 .0  mm  and 
above  can  be  resolved.  This  is  at  least  one  order  of 
magnitude  smaller  than  important  length  scales  in  the 
duct,  which  implies  that  the  energy  containing  motions 
are  resolved  by  the  counter.  It  should  be  pointed  out  that 
in  the  present  study  we  are  particularly  interested  in  the 
low  range  of  the  spectrum  and  that  the  power  spectral 
density  could  be  accurately  reconstructed  up  to  about  300 
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Hz.  Sample  results  are  presented  in  figure  2  for  a  typical 
point  of  the  shear  layer  for  flow  conditions  associated 
with  the  separation  of  the  flow  in  the  lee  of  the  concave 

surface':  and  show  th"  absence  ryr  discrete  flow 
oscillations. 
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Figure  2.  Power  spectral  density  of  a  measured  signal 
in  a  typical  point  of  the  shear  layer  for  the 
wavy  channel  with  H2/h=3.55 

Detailed  laser-Doppler  measurements  of  the  flow  were 
obtained  along  fourteen  vertical  profiles  in  the  central 
plane  of  the  duct,  namely  at  x/h  =  -1.034;  -0.69;  0.0; 
0.345;  1.034;  1.379;  1.724;  2.310;  2.586;  3.276;  3.793; 
4.138;  4.621  and  4.966.  The  measurements  were 
performed  with  the  laser  beams  in  the  horizontal  and 
vertical  plane  and  at  45°  to  allow  the  determination  of  the 

horizontal,  U  and  vertical  ,  V,  mean  and  turbulent 
velocities  and  of  the  distribution  of  the  Reynolds  shear 
stress,  uV  ,  Durst  et  al  (1981).  The  measuring  volume 

was  located  up  to  1  mm  from  the  surfaces  with  the 
transmitting  optics  inclined  half-angle  of  the  beam 
intersection  and  with  the  scattered  light  collected  off-axis. 

The  errors  incurred  in  the  measurements  have  been 
discussed  in  detail  elsewhere,  and  only  the  major  sources 
are  summarized  here.  Non-turbulenr  Doppler  broadening 
errors  due  to  gradients  of  mean  velocity  across  the 
measuring  volume,  Durst  et  al  (1981),  may  essentially 
affect  the  variance  of  the  velocity  fluctuations,  but  for  the 
present  experimental  conditions  are  al  least  five  orders  of 
magnitude  smaller  than  the  values  of  the  variances  and, 
therefore,  sufficiently  small  for  their  effect  to  be 
neglected.  In  the  experiments  the  number  of  individual 
velocity  values  used  to  form  the  averages  was  always 
above  10  000  and,  therefore,  the  largest  statistical 


(random)  errors  were  of  0.5  and  3%  respectively  for  the 
mean  and  variance  values,  for  a  95%  confidence  interval, 
Yanta  and  Smith  (1978).  Systematic  errors  incurred  in 
the  measurements  of  Reynolds  shear  stress  can  arise  from 
lack  of  accuracy  in  the  orientation  angle  of  the  normal  to 
the  anemometer  fringe  pattern.  Melting  and  Whitclaw 
(1976),  and  can  be  particularly  large  in  the  vicinity  of  the 
zones  characterized  by  zero  shear  stresses.  For  the  present 
experimental  conditions  the  largest  errors  are  expected  to 
be  smaller  than  2%. 


3.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

This  section  presents  the  detailed  laser-Doppler 
measurements  of  the  flow  between  the  wavy  surfaces 
described  before.  The  results  include  the  comparison  of 
the  flow  for  two  different  channel  heights,  namely  H2/h= 
2.55  and  3.55,  which  allow  to  analyze  the  conditions  for 
which  a  recirculating  zone  is  established  in  the  wake  of 
the  concave  surfaces. 

3.1.  The  Mean  Flow 

Some  of  the  salient  features  of  the  two  flows  considered 
are  summarized  conveniently  by  the  vectorial  distribution 
presented  in  figure  3.  which  quantify  the  mean  flow 
along  the  central  plane  of  symmetry. 

The  measurements  have  been  preceded  by  a  detailed 
analysis  along  the  traverse  direction  of  the  measuring 
cross-section,  which  confirmed  that  the  results  presented 
here  are  free  of  any  3-D  effects,  in  that  the  flow  in  the 
centre  of  the  channel  can  be  considered  as  two- 
dimensional. 

The  results  reveal  a  considerably  thin  boundary  layer 
along  the  upstream  part  of  the  concave  surfaces,  which 
accelerates  strongly  as  it  approaches  the  top  zone  with  an 
increased  deflection  of  the  mean  flow  for  the  narrower 
channel.  The  two  cases  studied  exhibit  similar  flow 
patterns,  with  the  deflection  of  the  mean  flow  over  the 
curved  surface  being  affected  by  the  level  of  flow 
confinement  For  H2/h  =  2.55  the  flow  does  not  separate 
in  the  valley  zones  and  the  mean  horizontal  velocity 
above  the  top  of  the  concave  surfaces  is  increased  by 
U/<U>«1.71.  On  the  other  hand,  for  the  larger 
channel  height  the  deflection  of  the  mean  on  the  lop  of 
the  surfaces  is  comparatively  smaller  with 
U  /  <  U  >  =  1 .61 ,  and  flow  separation  occurs  between 
x/A,  =  0.22  and  x/A.  =  0.56  in  a  way  qualitatively  similar 
to  that  found  by  Almeida  et  al.  (1993). 

Following  the  analysis  of  Buckles  et  al.  (1984),  the  flow 
for  H2/h  =  3.55  separates  in  a  region  of  unfavourable 
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Figure  3.  Vectorial  distribution  of  the  mean  flow. 

a) H2/h=2.55 

b)  H2/h=  3.55 

pressure  gradient  and  reattachs  upstream  of  the  pressure 
maximum  at  an  oblique  angle.  The  extent  of  die  flow 
reversal  zone  is  comparatively  smaller  than  those  found 
for  the  flow  over  wavy  surfaces  by  Almeida  et  al.  (1993) 
and  Buckler  et  al.  (1984),  respectively,  between 
0.16<x/X<0.76  and  0.14<x/l<0.69,  which  is  explained 
by  the  level  streamline  curvature  experienced  by  those 
flows.  For  comparison,  typical  flows  over  sharp 
obstacles  (eg.  Durst  and  Rastogi,  1980)  separate  for 
considerably  larger  zones,  as  the  transfer  of  momentum 
across  the  shear  layer  is  different  from  that  found  here. 
The  maximum  measured  values  of  the  reverse  velocity  is 
equal  to  U  /  <  U  >  0.29  and,  again,  this  compares 

with  the  values  of  U  /  <  U  >  *  -  0.33  of  Almeida  et  al. 
(1993). 

3.2  The  Turbulent  Flow 

The  previous  paragraphs  have  considered  the  mean  flow 
over  the  2-D  wavy  surfaces.  We  now  turn  to  the  analysis 


of  the  turbulent  flow,  which  is  quantified  by  the 
distributions  of  the  contours  of  normal  and  shear  stresses 
of  Figures  4  and  5,  although  the  present  results  do  not 
convey  any  information  on  the  turbulent  levels  along  the 
transversal  direction.  The  results  indicate  a  region  of  high 
velocity  fluctuations  along  the  shear  layer  downstream  of 
the  top  of  each  wavy  surface,  in  a  way  qualitatively 
similar  to  that  found  in  other  turbulent  curved  flows. 
Peak  values  of  normal  stresses  occur  in  the  zones 
characterized  by  the  highest  mean  velocity  gradients  and 
are  associated  with  near-Gaussian  velocity  probability 
density  functions,  typical  of  the  absence  of  discrete 
frequency  oscillations. 

The  turbulent  flow  in  the  two  conditions  studied  is 
anisotropic  with  values  of  u'^  consistently  higher  than 

those  of  v'2  .  In  the  freestream,  the  levels  of  turbulence 
anisotropy  reach  those  of  the  undisturbed  flow,  with 
vertical  velocity  fluctuations  half  of  those  in  the 
longitudinal  direction. 

The  distribution  of  the  shear  stress,  uY  ,  quantify  the 

turbulent  diffusion  along  the  shear  layer  and  is  consistent 
with  the  direction  of  the  mean  flow.  The  maximum 
values  occur  along  those  of  the  normal  stresses  and  are 
similar  to  those  found  over  the  wavy  channels  of  Buckler 
et  al.  (1984)  and  Almeida  et  al.  (1993). 

In  agreement  with  other  flows  over  curved  boundaries, 
the  turbulent  kinetic  energy  increases  with  the  distance 
from  the  top  of  the  concave  surface  up  to  the  upward 
tilting  of  the  flow  at  the  upstream  face  of  the  following 
wave.  This  is  because  downstream  of  the  top  of  the 
curved  surfaces  the  overall  effect  of  positive  shear  strain 
is  to  increase  turbulence  intensity  by  the  destabilizing 
effect  of  streamline  curvature,  while  along  the 
approaching  faces  of  the  waves  the  opposite  signs  of  the 
shear  strains  suppresses  turbulence  by  stabilizing 
curvature  effects,  (see  Bradshaw,  1973).  This  explains 
the  attenuation  of  the  Reynolds  stresses  in  the  case  of 
H2/h=  2.55  compared  with  the  values  found  for  the 
recirculating  flow  associated  with  the  flow  in  the  channel 
for  H2/h=  3.55. 


3.3.  Discussion 

The  analysis  of  the  previous  sections  was  based  upon 
results  presented  in  laboratory  coordinates,  but  this  does 
not  affect  the  main  conclusions  of  the  work  as  noted  by 
Almeida  et.  al.  (1993).  The  results  have  identified  that 
the  shear  layers  formed  in  the  downstream  part  of  the 
concave  surfaces  are  zones  of  intense  velocity 
fluctuations,  with  increased  values  for  the  recirculating 
flow  found  in  the  case  of  the  largest  channel  height.  The 
aim  of  this  discussion  is  to  analyze  the  implications  of 
the  results  presented  above  for  the  calculation  of 
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Figure  6.  Budgets  of  turbulent  kinetic  energy  for  H2/h=  2.55.  Re=  3.6  x  1(A 


recirculating  flows  between  imposed  curved  boundaries. 
The  approaches  used  here  consist  in  the  analysis  of  the 
convection  and  production  terms  in  the  conservation 
equation  of  the  turbulent  kinetic  energy,  k,  which  in  a 
rectangular  coordinate  system  for  stationary, 
incompressible,  isothermal  and  a  two-dimensional  flow 
(Rody,  1970),  is  given  by: 

3x  8y  9x  8y _ \3y  dx  I 

1  "  ~  2  3 '  ~ 


4  5 


The  terms  1,  2,  3,  4  and  5  represents,  respectively,  the 
convection,  the  turbulent  production  by  the  interaction  of 
normal  and  shear  stresses  and  the  diffusion  and 
dissipation  terms,  which  are  represented  in  figures  6  and 
7  respectively  for  H2/h=  2.55  and  3.55,  in  a  way  that 
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Figure  7.  Budgets  of  turbulent  kinetic  energy  for  H2/h=  3.55.  Re=  3.6  x  10^. 


negative  convection  represents  a  gain  of  turbulent  kinetic 
energy.  At  the  top  of  each  bottom  concave  surface  and 
downstream  of  this  zone  up  to  xA=0.3,  turbulence 
production  by  normal  stresses  is  the  largest  term,  which 
is  balanced  by  convection  and  diffusion.  This  is  also 
shown  in  the  vicinity  of  the  lop  surface  for  xA=0.7  and 
is  associated  with  the  occurrence  of  flow  separation  for 
H2/h*  3.55.  The  observation  accounts  for  the  large 
turbulence  anisotropy  in  these  zones  since,  although 
production  of  v3  represents  a  gain,  production  of  u3  is 


"-**2 

-  2  u  — ,  which  is  a  negative  quantity,  and  represents  a 
8x 

loss  of  turbulent  energy. 

The  results  also  quantify  the  large  rale  of  production  of 
turbulent  kinetic  energy  by  the  interaction  between  shear 
stresses  and  strains  in  the  "valley"  zone.  Further 
downstream,  with  the  approach  of  the  top  of  the  concave 
surfaces,  convection  is  the  largest  term  and  is  balanced  by 
luibulent  diffusion. 
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A  remarkable  observation  is  that  the  occurrence  of  zones 
dominated  by  the  intreaction  of  normal  stresses  and 
strains  is  not  strictly  associated  with  the  separation  of  the 
flow  and  occurs  for  the  two  cases  studied.  This  is 
important  in  that  it  is  necessary  to  calculate  the 
individual  normal  stresses  adequately  (using  an 
appropriate  turbulence  model)  if  the  correct  turbulent 
kinetic  energy  is  to  be  obtained. 

Finally,  figure  8  identifies  the  locus  of  the  maximum 
velocity  fluctuations  for  the  two  conditions  studied  and 
hows  that  the  wall  boundary  layer  formed  at  the  rising 
surface  of  the  wavy  surfaces  remains  quite  thin  up  to  the 
top  of  the  concave  surfaces.  Then  it  spreads  as  it 
approachs  the  wake  region,  where  it  becomes  a  free  shear 
layer  detached  from  the  surface  similar  to  that  analyzed  by 
Buckles  et  al  (1984).  The  rate  of  spread,  define  as  the 
ratio  of  distance  between  the  shoulder  of  the  shear  layer 
and  the  distance  along  the  locus  of  the  maximum 
intensity,  is  about  0.164  for  H2/h=  3.55  mm  on  the 
upper  side  of  the  shear  layer  and,  therefore,  similar  to  the 
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Figure  8.  Map  of  the  shear  layer. 
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value  of  0.18  usually  considered  for  plane  shear  layers 
with  zero  velocity  on  the  low-speed  side.  This  value 
increases  for  H2/h=  2.55,  and  although  the  results  show 
that  there  is  not  a  complete  interaction  between  the  top 
and  bottom  shear  layers  for  the  two  flow  conditions 
studied,  analysis  of  the  differences  between  the  present 
spread  rates  and  those  typical  of  plane  free  shear  layers 
suggests  that  the  shear  layers  reported  here  cannot  be 
modelled  entirely  as  unbound  layers.  Direct  comparisons 
of  growth  rates  are  subject  to  uncertainly  because  of  their 
dependence  upon  the  boundary  conditions,  but  the 
previous  analysis  agrees  with  that  of  Castro  and  Hague 
(1987)  and  is  important  to  establish  a  suitable  model  to 
predict  flows  along  curved  surfaces. 


4.  CONCLUSIONS 

Laser-Doppler  measurements  of  the  flow  field  established 
between  large-amplitude  wavy  surfaces  mounted  in  a 
water  channel  in  a  region  of  fully  developed  channel  flow 
for  a  Reynolds  number  up  to  3.6x1 0^,  have  provided 
detailed  information  about  the  turbulent  structure  formed 
in  the  lee  side  of  the  obstacles.  The  study  includes 
comparison  of  the  flow  in  a  wavy  channel  for  two 
different  channel  heights  and  provides  a  set  of  benchmark 
data  for  the  evaluation,  in  turbulent  flows  over  curved 
boundaries,  of  numerical  solutions  of  the  equation  of 
motion  which  use  turbulence  models. 

The  results  reveal  a  flow  structure  qualitatively  similar  to 
that  found  in  other  turbulent  curved  flows  and  include  the 
analysis  of  the  recirculating  flow  formed  in  the  wake  of 
the  concave  surfaces  for  one  flow  condition.  In  general,  a 
thin  boundary  layer  is  established  on  the  rising  surface  of 
the  curved  surfaces  and  accelerates  up  to  their  top.  The 
curvature  of  the  flow  imposes  mean  velocity  effects  on 
the  turbulent  flow,  resulting  in  the  establishment  of  a 
zone  of  high  intensity  velocity  fluctuations  along  the 
shear  layer  downstream  of  the  top  of  each  wavy  surface. 
This  is  rapidly  suppressed  with  the  approach  of  the 
following  concave  surface,  in  a  way  that  suggests  that 
the  response  of  the  turbulent  boundary  layer  to  convex 
curvature  is  faster  than  that  relative  to  concave  curvature. 
The  evidence  suggests  that  the  calculation  of  turbulent 
flows  over  curved  boundaries  of  the  type  considered  here 
must  be  found  from  a  modeled  transport  equation  rather 
than  from  a  turbulent  -viscosity  hypothesis. 
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ABSTRACT 

The  structure  of  a  fully  developed  turbulent  flow  in  the 
plane  of  symmetry  upstream  of  a  vertically  mounted  circular 
cylinder  is  being  described.  The  Reynolds  numbers  for  this 
study,  based  on  the  channel  height  and  the  channel  bulk  mean 
velocity  are  10000  and  40000  respectively.  Detailed  of  time 
averaged  mean  flow  properties,  turbulence  intensities  and 
Reynolds  stresses  were  obtained  using  a  mobile  fiber-optic 
laser  Doppler  anemometer  (DFLDA).  Pressures  were 
measured  on  the  channel  floor  with  surface  static  pressure 
taps.  The  main  flow  characteristic  upstream  is  a  system  of 
vortices  which  are  shaded  quasi-peri odically.  The  shedding  of 
these  vortices  are  associated  with  bimodal  velocity 
distributions  as  well  as  large  contributions  to  the  Reynolds 
shear  stress. 


1.  INTRODUCTION 

The  flow  field  of  a  fluid  approaching  a  three-dimensional 
body  mounted  vertically  on  a  wall  is  not  only  complicated  but 
also  an  important  problem  in  many  engineering  applications, 
e.g.  in  the  flow  field  in  turbo-machinery,  junction  of 
aeroplane  wings,  and  around  the  base  of  bridge  piers.  The 
complication  of  such  flow  is  resulting  from  the  secondary 
flows  caused  by  both  skewing  and  blockage  effects  that  arise 
due  to  the  interaction  between  the  two-dimensional 
approaching  flow  and  the  adverse  pressure  gradient  set  up  by 
the  upright  wall  mounted  body.  This  is  essentially  a  three- 
dimensional  separated  flow  and  the  developed  vortex  system 
is  generally  referred  to  as  a  horseshoe  vortex. 

The  phenomenon  of  the  horseshoe  vortex  is  well  known 
and  a  vast  amount  of  experimental  work  concerning  this 
phenomenon  has  been  reported  by  many  investigators.  Baker 
(1979,1980)  studied  the  separation  of  laminar  and  turbulent 


boundary  layers  formed  around  the  base  of  a  cylinder.  The 
presence  of  multiple  vortices  was  observed  from  the 
photographs  of  smoke-  and  oil-flow  visualizations.  A  "four 
vortex"  model  was  developed  to  correlate  these  observations. 
Eckerle  and  Langston  (1987)  reported  pressure  probe 
measurements  in  the  front  of  a  cylinder.  They  demonstrated 
that  the  four-vortex  model  is  not  clear  for  turbulent  boundary 
layers.  Merati  et  al  (1991)  used  hot-wire  probes  to  make 
interior  measurements  in  the  vortex  formation  region.  Their 
results  gave  similar  indication  as  those  obtained  by  Eckerle 
and  Langston  (1987). 

Typically,  with  three-dimensional  separated  flow 
situations,  very  large  velocity  fluctuations  occur.  This  include 
complete  flow  reversals,  and  the  question  of  probes  may 
interfere  with  the  flow  field  can  be  raised.  Pierce  and 
Tee(l 990)  as  well  as  Eckerle  and  Awad  (1991 )  used  LDA  to 
examine  such  separated  flow  field.  They  reported  LDA 
velocity  field  measurements  in  a  turbulent  junction  vortex. 
Devenport  and  Simpson  ( 1 990)  examined  the  Turbulent  flow 
near  the  nose  of  a  wing-body  junction.  They  showed  that  the 
flow  in  the  plane  of  symmetry  immediately  upstream  of  the 
junction  is  characterized  by  large  scale,  low-frequency 
unsteadiness. 

While  the  three-dimensional  separation  of  a  boundnry 
layer  approaching  an  obstacle  is  well  documented ,  very  little 
data  has  been  published  on  the  separation  of  a  fully 
developed  channel  flow.  Larousse  etal  (1990)  investigated 
the  flow  field  around  surface-mounted  prismatic  obstacles 
using  two-component  LDA  to  gain  detailed  information  about 
the  time  -averaged  and  time-resolved  turbulence  parameters. 
Their  data  reveals  a  distinct  unsteadiness  of  the  upstream 
flow  and  very  high  values  of  the  Reynolds  shear  stress. 

Generally,  in  most  studies  the  scale  of  the  experiment  was 
too  small  for  accurate  and  detailed  measurements.  In  this 
paper  the  experimental  data  of  the  flow  upstream  of  the 
intersection  of  a  circular  cylinder  mounted  vertically  on  the 
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floor  of  a  fully  developed  channel  flow  is  presented  and  the 
results  are  discussed.  The  Reynolds  numbers  for  this  study, 
based  on  the  channel  height  and  the  channel  bulk  mean 
velocity  are  10000  and  40000.  Detailed  of  time  averaged 
mean  flow  properties,  turbulence  intensities  and  Reynolds 
stresses  were  obtained. 


2.  EXPERIMENTAL  APPARATUS  AND 
INSTRUMENTATION 

The  experimental  measurements  were  made  in  an  open, 
blower-type  air  channel  in  the  Lchrstuhl  fiir 
Stromungsmechanik  at  the  Universitat  Erlangen-Niimberg, 
Germany.  The  test  section  of  the  channel  which  made  of 
plexiglass,  has  a  rectangular  cross-section  of 600  mm  wide  by 
SO  mm  height  and  3900  mm  length.  The  boundary  layer  was 
tripped  at  the  inlet  of  the  air  channel  to  avoid  any 
unsteadiness  or  uneven  ess  in  the  flow  that  may  result  from 
natural  transition,  also  to  obtain  a  fully-developed  flow 
conditions  well  ahead  of  the  obstacle.  Air  from  the  blower  is 
supplied  to  the  test  section  after  first  passing  through  a  fixed- 
setting  damper,  a  section  of  honeycomb  to  remove  the  mean 
swirl  of  the  flow  and  several  screens  to  remove  much  of  the 
turbulence  intensity.  Further  details  can  be  found  in  Larousse 
etal  (1991). 
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Fig.  1  Sketch  of  the  cylinder  geometry  in  a  channal 


The  experimental  setup  consisted  of  a  cylinder  of  25  mm 
diameter  by  25  mm  height  mounted  vertically  inside  the  test 
section.  Because  of  the  simplicity  of  the  cylinder  geometry, 
the  approaching  fully-developed  flow  separated 
symmetrically  on  each  side  of  the  cylinder.  Therefore,  here, 
the  data  were  reported  for,  only,  the  plane  of  symmetry 
upstream  of  the  obstacle.  Figure  1  illustrates  the  channel  and 
the  cylinder  that  have  been  used. 

Pressure  taps  of  1.0  mm  diameter  were  provided  on  the 
channel  floor  in  order  to  carry  out  static  pressure 
measurements.  These  measurements  were  conducted  using 
Betz  water  manometer  with  a  measuring  Tange  of  ±  0.05  mm. 
The  static  pressure  coefficient  Cp  was  based  upon  the 
channel  bulk  velocity  Uq,  and  the  atmospheric  pressure. 

In  order  to  avoid  uncertainty  due  to  the  probe  interfere 
with  the  flow  field  a  mobile  fiber-optic  laser  Doppler 
anemometer  (DFLDA)  was  used.  This  type  of  anemometers 


has  been  implemented  for  the  first  time  with  such 
experimental  set  up.  The  DFLDA  system  is  portable  and 
mobile  measurement  system  with  low  power  consumption, 
easy  handling  and  high  signal  quality.  The  laser  source  is  a 
100-mW  single-stripe,  monomode  laser  diode  operating  at 
828  nm  and  packaged  with  a  temperature  regulator  (±0. 1  °) 
and  correction  optics  for  astigmatism  and  for  achieving  a 
circular  beam  profile.  It  is  working  in  back-scatter  mode  with 
sensitivity  to  flow  direction  provided  by  a  double  Bragg  cell 
arrangement  for  achieving  frequency  shift  of  up  to  10  MHz. 
The  output  of  the  system  is  94  mW  and  the  beam  is  nearly 
circular  with  a  diameter  of  5.6  mm.  The  complete  details  of 
the  DFLDA  system  is  given  in  Stieglmeier  and  Tropea 
(1991);  the  optical  system  is  illustrated  schematically  in 
Figure  2. 


Fig.  2  Block  diagram  of  DFLDA  optical  system 


To  perform  velocity  measurements  in  the  separated  flow 
upstream  the  cylinder/floor  junction,  the  25  mm  probe  was 
mounted  on  an  2-D  traversing  system  which  was  located  on 
lop  of  the  test  section.  The  traversing,  mounting  and  rotation 
of  the  probe  allowed  measurement  of,  U,  U-W  components, 
including  Reynolds  shear  stresses.  Data  were  acquired  with  a 
computer  controlled  data  acquisition  system  via  a  counter¬ 
processor  (TSI,  Inc.,  1980).  Data  of  ensemble  sizes  of  1000  or 
more  were  typical.  Several  seeding  materials  were  tried.  The 
ultimate  choice  of  seed  was  atomized  from  a  solution  made 
up  of  25  percent  di-ethylglycol  and  75  percent  water  (by 
volume).  The  seed  was  generated  by  a  medical  nebulizer.  Six 
nebulizers  were  introduced  upstream  of  the  channel  inlet  in 
the  setting  chamber  of  the  blower. 


3.  RESULTS  AND  DISCUSSION 

The  experimental  data  of  the  flow  upstream  of  the 
intersection  of  a  circular  cylinder  mounted  vertically  on  the 
floor  of  a  fully  developed  channel  flow  is  presented  and  the 
results  are  discussed.  The  measurements  were  obtained  using 
a  DLFDA  probe.  The  Reynolds  numbers,  Rj,,  for  this  study, 
based  on  the  channel  height,  h,  and  the  channel  bulk  mean 
velocity,  Ug,  are  10000  and  40000.  These  Reynolds  numbers 
were  obtained  at  Ug  =  3  m/s  and  12  m/s  respectively. 
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Fig.  3  Cp  vs  x/d  upstream  of  the  cylinder 

Floor  static  pressure  measured  in  the  plane  of 
symmetry  are  shown  in  Figure  3  for  the  two  Reynolds 
numbers  tested.  The  static  pressure  is  highest  next  to  the 
cylinder  leading  edge,  which  indicates  the  stagnation  of  the 
approaching  flow  at  the  cylinder/floor  junction.  Figure  3 
shows  that,  as  x/d  increases  from  the  cylinder  the  coefficient 
Cp  drops  rapidly  which  is  associated  with  the  reverse  flow 
accelerating  away  from  the  cylinder  leading  edge  toward  the 
saddle  point  region.  The  trends  shown  by  the  pressure  data 
are  similar  to  the  results  reported  in  Eckerle  and  Awad 
(1991). 


Velocity  distribution  in  the  plane  of  symmetry  were 
obtained  from  x/d  =1 .0  to  the  cylinder  leading  edge  between 
y/d  »  0.0  to  0.3.  Figures  4a  and  4b  show  the  normalized 
streamwise  velocity  U/Ujj,  for  Reynolds  numbers,  based  on 
the  height  of  the  channel,  10000  and  40000  respectively.  It 
appears  that  the  reverse  flow  regions  are  not  symmetric;  for 
the  Reynolds  number,  Rj,=  10000,  the  region  of  reverse 
velocity  flow  is  40%  greater  than  that  region  observed  when 
the  Reynolds  number  is  40000.  The  main  feature  of  the  figure 
is  the  presence  of  a  single  relatively  large  vortex  structure.  It 
was  noted  that  the  flow  in  the  cylinder  floor  comer  was 
allusive  and  agreeable  with  the  presence  of  a  small,  counter 
rotating  comer  vortex. 

Figure  5  shows  bimodal  (double-peaked)  probability- 
density  functions  (p.d.f.s)  of  the  streamwise  velocity,  U, 
which  were  measured  during  the  traverse  performed  with  the 
high  Reynolds  number,  Rh=  40000.  This  phenomenal  is 
associated  with  the  very  large  turbulent  stresses.  The  bimodal 
were  observed  in  the  range  x/d  « -0. 1 8  to  -0.4  and  correspond 
to  the  reverse  velocity  measured  between  x/d  *  0.0  to  -0.25. 
The  bimodal  b.d.f.s  also  occur  in  the  W-  and  (U-W)- 
components  but  over  slightly  different  regions  (Figure  6). 
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Fig.  4  Streamwise  velocity  distributions  upstream  of  a 
cylinder,  (a)  Rh  -10000;  (b)  Rh  -40000. 
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Fig.  5  Probability-density  functions  of  U-component 

fluctuations.  Fig.  6  Probability-density  functions  of  uw-component 

fluctuations. 

However,  when  the  measurements  where  made  at  Rj,= 

10000,  no  bimodal  regions  were  detected.  Probably  no 
previous  work  has  conclusively  demonstrated  the  presence  of 
bimodal  velocity  probability-density  functions  in  a  fully 
developed  channel  flow  circular  cylinder/  floor  junction. 


Fig.  7  Profiles  of  the  turbulence  intensities; 
(a)  Rh  -10000;  (b)  Rh  -40000. 


8b 

Fig.  8  Span  wise  velocity  measurements,  at  Rh  =  40000,  (a) 
mean  velocity,  (b)  rms  velocity. 

2 

Turbulence  intensities,  u  AJb2,  for  Rj,  =  10000 
and  40000  arc  presented  in  figure  7a  and  7b.  It  was  observed 
that  the  fluctuating  velocities  peaked  in  the  bimodal  region 
and  only  a  small  peak  was  measured  with  no  bimodal 
presence.  In  the  bimodal  region  the  measured  values  of 
turbulence  intensities  are  many  times  larger  than  those 
normally  obtained  in  turbulent  separated  flows.  Above  the 
junction  main  vortex  (y/di  0. 1 5)  the  turbulence  intensities 
fall  with  distance  downstream,  perhaps  as  a  result  of  the 
distortion  of  the  flow  structures  in  the  junction  region. 

As  a  reference  for  data  measured  in  the  bimodal  and 
reverse  flow  regions,  span  wise  mean  and  rms  velocities  as 
well  as  Reynolds  stresses  fW,  w,  uw  respectively)  were 
measured  in  the  plane  of  symmetry  at  x/d  *  -0.22  and  Rj, 
•40000.  The  normalized,  data  of  the  sanpwise  and  rms 
velocities,  W/Ug  and  w  /Ug2  are  presented  in  Figures  8a 
and  8b  respectively.  These  figures  reveal  an  interesting 
three-dimensional  eflect  which  is,  partially,  due  to  the 
removal  of  fluid  from  the  plane  of  symmetry  by  the  secondary 
flow  acting  on  eitjier  side  of  the  cylinder/floor  junction.  Close 
to  the  junction  vr  remains  approximately  constant  at  its  peak 
value  becoming  equal  to,  if  not  exceeding,  \i  very  close  to 
floor,  in  two-dimensional  separated  flows  w2  remains  a  small 


2 

fraction  of  u  . 

Reynolds  shear  stresses,  uw,  are  presented  in  Figure  9  for 
Rj,  =40000.  Also,  the  high  values  of  Reynolds  shear  stress, 
uw,  in  the  region  of  measured  bimodal  velocity  distributions 
suggesting  that  this  production  is  associated  with  large-scale 
unsteadiness. 

The  vortex  pattern  deduced  from  the  experimental  data 
suggested  that  a  two-vortex  flow  model  is  existing,  which  is 
in  good  agreement  with  the  recently  published  data  by 
Eckerle  and  Langsten  (1987),  Pierce  and  Tree  (1990)  and 
Eckerle  and  Awad  (1991 ).  This  vortex  pattern,  however,  is  in 
contrast  to  the  four-vortex  modal  reported  in  the  most  earlier 
publications  for  low  speed  turbulent  junction  vortex  flows, 
and  mainly  based  on  surface  flow  visualizations  (Baker 
(1980);  also  see  the  reproduction  of  the  well  known 
photograph  by  Sutton  in  Thwaites  (I960)).  Evidently,  the 
fully  developed  turbulent  flows  generate  enough  turbulence 
stresses  to  prevent  the  formation  of  multiple  vortices. 
Although,  further  experimental  work,  using  laser-sheet  flow 
visualization  as  described  by  Martinuzzi  (1992),  is  needed  to 
check  the  existence  of  any  extra  vortices  which  may  form 
away  from  the  cyiinder/floor  junction. 

In  addition,  the  present  data  shows  a  substantial  quasi- 
periodic  unsteadiness  within  the  vortex  system.  Similar 
observations  were  reported  by  Devenport  and  Simpson 
(1990)  ,  Larousse  el  al  (1991)  and  Olcman  and  Simpson 
(1994).  However  such  phenomenon  was  observed  with  data 
obtained  al  high  Reynolds  number  (Rj,  =  40000)  only.  This  is 
in  turn  was  associated  with  the  size  of  separation  region 
upstream  of  the  cylinder  stagnation;  the  larger  the  size  of  the 
separation  region  the  more  space  exist  for  a  steady  junction 
vortex  to  be  developed. 
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Fig.  9  Reynolds  shear  stress  uw,  al  Rh  =40000. 
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4.  CONCLUSIONS 

The  flow  field  upstream  of  a  circular  cylinder  has  been 
investigated  experimentally  in  a  fully  developed  turbulent 
channel  flow.  The  measured  pressure  distributions  showed 
little  variation  with  Reynolds  numbers.  A  single  junction 
saddle  point  was  observed  while  a  multivortex  model  was  not 
present.  Analysis  of  the  experimental  data  reveals  that  in  the 
vicinity  of  the  wall-cylinder  junction  vortex  a  distinct 
unsteadiness  of  the  upstream  flow  field  and  the  turbulent 
stresses  become  very  large.  This  unsteadiness  is  bimodal  in 
nature,  with  stream  wise  mean  velocities  near  the  wall 
alternating  between  large  negative  values  and  near-zero 
values.  In  addition,  a  relatively  weak,  counter-rotating 
recirculation  pattern  exists  near  the  wall  upstream  of  the 
primary  recirculation. 
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ABSTRACT 

Simultaneous  2-D  LDV  measurements  have  been 
made  in  a  laboratory  flume  simulating  the  flow  field 
immediately  upstream  of  and  beneath  the  front  edge  of  an 
ice  cover  on  a  river.  Mean  velocities,  turbulence 
intensities,  and  the  turbulent  shear  stress  were  determined. 
A  comparison  with  hot-wire  data  after  reattachment  shows 
that  LDV  data  generally  give  higher  turbulence  levels, 
which  is  ascribed  to  the  inability  of  the  hot-wire  technique 
to  cope  with  the  high  local  turbulence  intensities  and 
instantaneous  flow  reversals  present  in  this  flow. 

A  separation  bubble  occurs  beneath  the  ice  cover, 
and  the  flow  field  inside  and  outside  of  the  separation 
bubble  is  mapped  in  detail.  The  mean  dividing  streamline 
is  determined,  and  a  size/time-duration  map  of  the 
separation  bubble  is  constructed  from  the  velocity-vector 
and  -angle  histograms.  The  results  clearly  verify  the 
unsteady  nature  of  the  separated  flow  region. 

I.  INTRODUCTION 

The  problems  of  ice  formation,  frazil  ice  transport 
and  growth  of  the  ice  cover  in  rivers  are  important  factors 
for  optimal  use  of  water  power  during  wintertime.  Except 
in  streams  with  low  velocities,  the  first  ice  cover  to  form  is 
drift  ice  that  accumulates  under  the  action  of  hydrodynamic 
forces  (Ashton.  1986).  Under  certain  circumstances  an  ice 
cover  is  formed  with  the  front  edge  perpendicular  to  the 
mean  flow  direction.  Such  a  simplified  flow  case  in  which 
the  ice  cover  is  a  rectangular  block  with  sharp  edges  is 
studied  in  the  present  work.  Of  course  a  real  ice  cover  has  a 
rounded  edge:  the  sharp  edge  in  the  experiment  was  chosen 
in  order  to  obtain  a  geometrically  fixed  separation  point. 

The  primary  aim  of  the  work  was  to  provide  a 
comprehensive  set  of  experimental  data  for  comparisons 
with  numerical  computations,  with  the  further  aim  of  being 
able  to  calculate  the  paths  of  frazil  ice  particles  convected 
with  the  flow. 

The  sharp  edge  of  the  ice  cover  creates  a  separation 
region  beneath  the  ice  cover,  and  the  properties  of  the  flow 


within  and  outside  this  region  are  studied  in  detail. 
Basically  the  geometry  is  that  of  a  forward-facing  blunt 
plate,  studied  by  e.g.  Cherry  et  al.  (1984),  and  Kiya  & 
Sasaki  (1983,  1985),  with  the  added  complexity  of  the  free 
surface.  These  authors  made  extensive  pressure 
measurements  in  the  separation  region  and  used  hot-wire 
anemometry  (standard  or  split-film  probes)  for  the  velocity 
measurements.  An  intermittency  measure  was  used 
together  with  the  split-film  probe  data  by  Kiya  &  Sasaki  to 
obtain  limited  velocity  information  in  the  separation 
region.  The  flow  reversal  and  the  large  velocity 
fluctuations  does  however  make  hot-wire  anemometry 
unsuitable  for  this  flow  case.  An  alternative  technique  is 
pulsed- wire  anemometry  (Castro  &  Dianat,  1990),  which 
was  successfully  used  by  Castro  &  Haque  (1987)  in  a 
separated  flow.  We,  however,  chose  to  use  the  LDV 
technique,  since  it  is  extremely  well  suited  for  obtaining 
accurate  mean  velocity  and  turbulence  data  in  separated 
flows.  Besides  presenting  new  mean  velocity  and 
turbulence  data  in-  and  outside  the  separation  bubble,  some 
interesting  general  observations  concerning  the  flow 
structure  in  separated  regions  have  been  made  and  will  be 
presented  in  the  paper. 

2.  EXPERIMENTAL  APPARATUS 

2.1  Test  facility 

The  experiments  were  performed  in  a  1  m  wide 
laboratory  flume  with  a  free-stream  velocity  U0  of  0.6  m/s. 
see  Fig.  1.  Separate  roughness  elements  and  roughness  in 
the  form  of  a  grating  with  a  height  of  25  mm  on  the  floor 
of  the  flume  were  used  to  enhance  the  boundary-layer 
growth,  so  that  the  boundary-layer  thickness  corresponded 
to  the  water  depth  0.535  m  after  a  development  length  of 
13.2  m.  Here  the  ice  cover  (in  the  form  of  a  sharp-edged 
wooden  block)  was  situated  and  fixed  relative  to  the  flume. 
The  wetted  height  of  the  ice  cover  was  55  mm.  The 
Reynolds  number  of  the  boundary  layer,  based  on  the 
streamwise  length,  was  about  7.9  1 06  The  corresponding 
Reynolds  number  based  on  the  wetted  height  of  the  blunt 
plate  and  the  free-stream  velocity  was  33  000. 
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Fig.  I.  Experimental  facility:  laboratory  flume  with  simulated  ice  cover. 
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Fig.  2.  Mean  velocity  profile  through  the  boundary  layer 
0.5  m  upstream  of  the  ice  cover.  (Note  that  the 
origin  of  y  here  is  at  the  crest  of  the  roughness 
elements) 

2.2  Row  qualification 

Pitot-static  tube  measurements  and  flow  visualization 
by  means  of  dye  were  used  to  check  that  the  floor  boundary 
layer  had  reached  the  free  surface  at  the  position  of  the  ice 
cover.  A  mean  velocity  profile  taken  0.5  m  upstream  of  the 
ice  cover  is  shown  in  Fig.  2.  One  can  note  that  the 
maximum  mean  velocity  occurs  just  beneath  the  water 
surface,  which  is  typical  for  open-channel  flows  with 
limited  width.  The  friction  factor  Cf  was  determined  for 
this  profile  by  the  method  of  Perry  and  Joubert  (1963). 
which  gave  Cp=0.0079.  Although  this  method,  as  we!)  as 
the  experimental  data,  has  limited  accuracy,  the  value 
obtained  is  consistent  with  the  measured  head  loss. 

The  limited  width  (1  m)  of  the  flume  gives  a  non- 
negligible  effect  of  the  side-wall  boundary  layers  on  the 
flow.  Calculations  (Karlsson,  1985)  of  the  boundary -layer 
growth  in  the  flume  shows  that  the  displacement  thickness 
after  13  m  of  development  length  is  about  0  025  m  and  the 
physical  boundary- layer  thickness  is  less  than  0.25  m. 


Fig.  3.  Cross  section  of  the  flume  with  the  ice  cover, 
showing  the  optical  set-up. 


Flow  visualizations  of  the  side-wall  boundary  layers 
confirmed  these  figures.  Thus,  there  exists  a  region  about 
0.5  m  wide  at  the  center  of  the  channel  where  the  flow  is 
closely  two-dimensional.  This  gives  an  aspect  ratio  of 
about  10  based  on  the  wetted  height  of  the  ice  cover  and 
about  12  based  on  the  depth  of  the  separation  bubble, 
which  is  generally  considered  sufficient  (Kiya  &  Sasaki. 
1983)  to  assure  a  reasonably  uniform  separation  bubble  in 
the  spanwise  direction.  With  the  relatively  small  growth 
rate  of  the  side-wall  boundary  layers  at  the  position  of  the 
ice  cover,  it  is  reasonable  to  assume  that  the  changes  in  the 
flow  over  the  axial  distance  (0.74  m)  studied  in  detail  in 
the  paper  is  caused  by  the  ice  cover  only  and  not  by  the 
side-wall  boundary  layers.  Therefore,  all  LDV 
measurements  were  performed  on  the  centreline  of  the 
flume. 

2.3  Instrumentation 

A  two-component  TSI  LDV  system  was  used  for  the 
measurements.  The  focusing  lens  had  a  focal  distance  of 
750  mm.  The  total  beam  expansion  ratio  was  8.5.  A 
central-lower  beam  arrangement,  as  shown  in  Fig  3.  was 
used  in  order  to  simplify  measurements  of  the  vertical 
component  under  the  ice  cover.  With  the  optical  set-up 
used,  the  resulting  measuring  volume  sizes  are  (0.75  * 
0.05)  mm  for  the  horizontal  component  (X  =  488nm)  and 
( I  -5  *  0.05)  mm  for  the  vertical  component  (X  =  514  5  nm). 
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Fig.  4.  Mean  velocity  field  in  the  x-y  plane.  Note  the  double  scale  in  the  streamwise  direction:  the  lower  scale  (in  nun)  gives 
the  x-coordinate  and  the  upper  scale  A-X,  used  in  subsequent  figures,  defines  the  position  of  the  measured  profiles. 
Solid  line  mean  dividing  streamline. 


The  corresponding  fringe  spacings  were  3.0  pm  and  5.9  p 
m,  respectively.  TSI  1980  counters  were  used  as  signal 
processors.  Standard  TSI  software  was  used  for  all 
statistical  evaluation.  Mean  velocities,  turbulence 
intensities,  the  turbulent  shear  stress  uv ,  and  higher  order 
moments  were  evaluated  from  the  data. 

It  should  be  noted  that  the  central-lower  beam 
arrangement  used  causes  a  non-orthogonality  in  the 
experimental  set-up.  with  the  consequence  that  the 
measured  vertical  velocities  will  be  influenced  by  the 
spanwise  velocity  component.  This  was  thoroughly  treated 
by  Karlsson  et  al  (1993).  who  performed  an  analysis  of  the 
influence  on  the  measured  quantities  for  a  2-D  flow  (zero 
mean  spanwise  velocity).  They  concluded  that  for  a  tilt 
angle  of  the  order  of  3°.  which  is  what  we  have  here,  the 
influence  can  safely  be  neglected  except  for  (near-wall) 
regions  where  (w')2  is  significantly  larger  than  (v')2,  where 
there  is  an  increase  in  the  measured  v'. 

2.4  Measurement  positions 

Measurements  were  made  in  21  streamwise  positions 
(A-X  in  Fig.  4),  with  the  first  profile  230  mm  upstream  of 
the  front  edge  of  the  ice  cover  and  the  last  profile  510  mm 
downstream  of  the  front  edge.  In  total,  about  500  data 
points  were  acquired.  The  measurements  beneath  the  ice 


cover  started  about  1  mm  from  the  surface.  The  maximum 
depth  at  which  measurements  could  be  taken  was  limited 
by  the  traversing  system. 

2.5  Experimental  methodology 

The  velocity  measurements  were  made  in 
coincidence  mode,  permitting  multiple  measurements  per 
burst  The  number  of  samples  in  each  point  was  20  480  and 
the  measurement  times  were  typically  10  minutes  per  data 
point.  Very  close  to  the  ice  cover,  however,  the  number  of 
samples  were  10  240  and  the  measurement  times  were 
considerably  longer.  Silicon  carbide  particles  with  a  mean 
diameter  of  1.5  pm  were  used  as  seeding  particles. 
Frequency  shift  was  used  for  all  measurements  in  order  to 
avoid  directional  bias  and  to  resolve  the  flow  field  in  the 
separated  region  beneath  the  ice  cover. 

When  taking  measurements  close  to  the  upstream  end 
of  the  ice  cover,  at  axial  positions  F.  G  and  H  in  figure  4. 
the  optical  axis  of  the  LDV-system  was  tilted 
approximately  5°  relative  to  the  y-z  plane.  This  results  in  a 
further  non-orthogonality,  meaning  that  the  measured 
horizontal  velocities  will  be  influenced  by  the  spanwise 
component.  Performing  an  analysis  similar  to  that  of 
Karlsson  et  al  (1993).  one  finds  that  the  influence  on  U  and 
uv  is  negligible.  The  influence  on  u'  is  significant  only 


13.3.3. 


u,.,/U0=  1 


Turbulence  intensity  u'/U0.  (Note  that  the  horizontal  coordinate  is  not  to  scale,  see  Fig.4) 
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Ftg.  6.  Turbulence  intensity  v7U0  (Note  that  the  horizontal  coordinate  is  not  to  scale,  see  Fig.4). 
Broken  line  o  mean  dividing  streamline. 


Normalised  shear  stress  distribution  uv/Uq2.  (Note  that  the  horizontal  coordinate  is  not  to  scale,  see  Fig.4) 
Broken  line  <=»  mean  dividing  streamline. 


when  (w')2  is  significantly  larger  than  (u')~.  Close  enough 
to  the  upstream  end  of  the  ice  cover,  this  will  certainly  be 
the  case.  Comparing  measured  values  of  u'  and  v'  at  the 
axial  position  H.  we  find  that  those  are  of  the  same  order. 
Assuming  that  v'  -  w'.  we  conclude  that  we  are  nowhere 
close  enough  to  the  upstream  wall  to  have  a  noticeable 
influence  on  u'. 

3.  RESULTS 

3. 1  Mean  flow  and  turbulence  characteristics 

The  mean  velocity  field  is  presented  in  the  form  of  a 
vector  plot  in  Fig.  4.  The  mean  dividing  streamline  (see 
section  3.3)  is  included  in  the  figure  in  order  to  simplify 
the  interpretation  of  results. 

As  can  be  seen  from  Fig.  4,  a  flow  separation  occurs 
beneath  the  ice  cover.  The  separation  starts  at  the  sharp 
front  edge  of  the  ice  cover  (x  =  0  mm,  y  =  0  mm)  and 
extends  to  x  -  273  mm.  which  gives  a  separation  length  of 
about  5  times  the  displacement  (33  mm)  of  the  water 
surface.  It  can  be  noted  that  this  is  considerably  shorter 
than  the  corresponding  length  for  a  rearward  facing  step. 
(Or  using  a  different  terminology,  the  separation  length  for 
the  single-step  contraction  under  investigation  here  is 
considerably  shorter  than  that  for  a  single-step  expansion.) 
For  a  rearward  facing  step,  the  flow  usually  reattaches  at 
about  7  step  heights,  cf.  Stevenson  et  al  (1984). 

Maximum  negative  mean  velocity  in  the  recirculation 
zone  is  about  0.23  m/s,  which  is  about  1/3  of  the  maximum 
velocity  outside  the  separation  bubble,  and  the  maximum 
height  of  the  mean  dividing  streamline  over  the  surface  is 
about  38  mm. 

The  turbulence  intensities  u‘/U0,  v'/U0  are  shown  in 
Fig.  S  and  6.  respectively.  The  data  are  made  dimensionless 
with  the  undisturbed  mean  velocity  upstream  of  the  ice 
cover.  Note  that  the  horizontal  distances  are  not  to  scale.  It 
is  observed  that  the  peak  intensities  lie  within  the 
recirculation  zone  in  the  upstream  part  of  the  region  and 
outside  the  recirculation  zone  further  downstream.  The 
shear-stress  distribution  (Fig.  7)  shows  the  same  trend.  The 
peak  value  is  about  43  %  for  the  longitudinal  turbulence 
intensity  and  30  %  for  the  normal  turbulence  intensity.  To 
compare  these  values  by  those  found  by  Stevenson  et  al 
(1984)  for  a  single-step  expansion,  we  have  also 
normalized  u'  for  both  flows  by  a  bulk  velocity  based  on 
dimensions  after  the  area  change.  It  is  interesting  to  note 
that  using  this  scaling,  the  observed  peak  longitudinal 
turbulence  intensity  is  the  same  for  both  flows,  namely 
40%.  _ 

The  shear  stress  distribution  uv/U02  for  the  whole 
region  studied  is  shown  in  Fig.  7.  (Note  that  V  is  positive 
upwards).  Far  upstream  of  the  ice  cover  the  shear  stress  is 
close  to  zero  and  becomes  negative  (as  it  should)  for  larger 


depths.  Just  downstream  of  the  front  edge  (x  =  10  mm),  the 
shear  stress  exhibits  a  negative  peak  which  disappears 
further  downstream  and  is  replaced  by  a  large  positive  peak 
outside  of  the  recirculation  zone.  The  highest  peak  value  is 
about  0.058  at  position  N.  After  reattachment  the  peak 
gradually  decreases  in  magnitude,  and  the  flow  relaxes 
towards  a  more  "normal"  turbulent  boundary  layer  flow. 

The  negative  peak  in  the  shear  stress  distribution  at 
position  J,  10  mm  downstream  of  the  front  edge  of  the  ice 
cover,  is  caused  by  the  unsteadiness  of  the  instantaneous 
dividing  streamline.  The  peak  is  situated  8  mm  from  the 
surface,  just  outside  of  the  mean  dividing  streamline.  When 
this  point  is  outside  of  the  instantaneous  dividing 
streamline,  there  is  a  drastic  increase  of  the  (positive)  u- 
velocity  and  the  negative  v-velocity  decreases  further,  thus 
giving  a  negative  shear  stress  contribution  which  is  larger 
than  the  positive  contribution  emanating  from  the  situation 
when  the  instantaneous  dividing  streamline  is  situated 
outside  of  the  point.  An  inspection  of  the  velocity-  and 
angle  histograms  also  shows  that  the  u-velocity  histogram 
is  strongly  skewed  towards  positive  velocity  fluctuations. 
Thus,  the  large  negative  contributions  to  the  shear  stress 
dominate  over  the  small  positive  contributions,  which 
together  gives  a  negative  shear-stress  peak. 

The  positive  peak  is  easily  interpreted  as  an  upward 
transport  of  u-momentum.  by  the  vertical  turbulent 
fluctuations.  In  this  area,  fluid  transported  upwards,  i.e. 
emanating  at  positions  having  more  or  less  free-stream 
conditions,  carries  an  excess  of  u-momentum.  During  this 
movement,  the  v-fluctuation  is  positive,  which  gives  a 
positive  shear  stress.  Similarly,  fluid  transported 
downwards,  coming  from  the  wall  region,  has  a  u- 
momentum  deficit.  The  net  effect  is  an  upward  transport  of 
u-momentum  and  a  positive  peak  in  the  shear  stress. 

3.2  Flow  conditions  upstream  of  the  ice  cover 

The  LDV-measurements  start  at  position  A,  x  =  -230 
mm.  Here,  the  axial  mean  velocity  is  slightly  lower  than 
the  free-stream  velocity  from  y  *  -60  mm  and  upwards. 
The  vertical  mean  velocity  is  negative  for  the  whole 
profile.  Taken  together,  this  shows  that  the  influence  of  the 
ice  cover  is  felt  at  the  current  position.  The  turbulence 
intensities  are  about  8%.  the  longitudinal  turbulence 
intensity  a  little  higher,  (he  normal  turbulence  intensity  a 
little  lower.  Close  to  the  water  surface,  a  slight  increase  in 
u'  and  a  clearly  visible  decrease  in  v'  is  found. 

When  the  ice  cover  is  approached,  the  upper  part  of 
the  flow  is  deflected  and  its  velocity  reduced.  From  y  =  0 
and  upwards,  (he  turbulence  intensities  increase  in 
magnitude.  Close  to  the  front  edge  and  just  below  the  free 
surface,  a  vortex  with  its  axis  horizontal  and  normal  to  the 
x-y-plane  is  found. 


13.3.5. 


1.2 
1 .0 
0.8 
0.6 
0.4 
0.2 
0.0 

-0.5  0.0  0.5  •  1.0 

HORIZONTAL  VELOCITY  (m/s) 

Fig.  8a.  Histogram  of  the  instantaneous  horizontal  velocity, 
U,  at  x=  150  mm,  y  =  -20  mm. 
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Fig.  8b.  Histogram  of  the  directional  angle  fra  the 

instantaneous  velocity  vector  at  x  =  150  mm, 
y  =  -  20  mm.  0°  corresponds  to  U  >0,  V  =  0, 1 80° 
corresponds  to  U  <  0,  V  =  0. 
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Fig.  9.  Fraction  of  samples  having  positive  horizontal 
velocity  versus  distance  from  front  edge  of  ice 
cover  y  =  -  I  mm. 


3.3  Flow  structure  in  the  separation  region 

An  interesting  observation  regarding  the  flow  in  the 
separation  region  is  that  the  instantaneous  flow  Field  is 
identical  to  the  mean  flow  field  for  only  a  small  fraction  of 
the  total  time.  This  is  exemplified  by  the  horizontal 
velocity  and  total  velocity  vector  angle  histograms  in  Fig. 
8a-b,  taken  on  a  radial  position  very  close  to  where  the 
axial  flow  reverses.  A  mean  velocity  vector  constructed 
from  the  mean  component  velocities  has,  naturally,  an 
almost  vertical  direction.  The  angle  of  this  mean  velocity 
vector  is  -  100°,  using  the  definitions  given  in  Figure  8 
This  can  be  compared  to  the  instantaneous  values  shown  in 
the  histograms.  The  horizontal  velocities  are  distributed 
over  a  broad  range  of  values,  whereas  a  bimodal 
distribution  can  be  clearly  seen  in  the  angle  histogram.  The 
maxima  in  the  angle  histogram  are  situated  at  -  25°  and 
195°,  with  the  angle  of  the  mean  velocity  vector  at  a 
minimum  almost  right  between  the  peaks.  This  shows  that 
the  position  in  question  most  of  the  time  is  either  well 
inside  or  well  outside  the  position  of  instantaneous  flow 
reversal. 

The  reattachment  point  has  been  determined  as  the 
horizontal  position  where  a  data  point  taken  close  to  the  ice 
cover,  vertical  distance  -1  mm.  contains  50%  samples  with 
positive  horizontal  velocities  and  50%  samples  with 
negative  horizontal  velocities.  Fig.  9  shows  a  plot  of  the 
fraction  of  samples  with  positive  horizontal  velocities  as  a 
function  of  the  distance  from  the  front  edge  of  the  ice 
cover.  From  this  plot  the  reattachment  position  is 
determined  as  x  -  275  mm.  being  equivalent  to  5  times  the 
wetted  height  of  the  ice  cover.  The  data  points  taken  close 
to  this  position  shows  the  same  bimodal  distribution  in  the 
angle  histogram  as  was  seen  in  Fig.  8b,  meaning  that  the 
instantaneous  flow  separation  region  most  of  the  time  is 
either  longer  than  or  shorter  than  the  time-averaged  flow 
separation  region.  The  histograms  contain  samples  with 
negative  horizontal  velocities  until  the  position  x  =  430 
mm  is  reached.  The  maximum  instantaneous  length  of  the 
recirculation  zone  is  estimated  to  be  slightly  shorter  than 
this,  say  7.5  wetted  heights.  None  of  the  histograms  from 
the  data  points  taken  close  to  ice  cover  are  free  from 
samples  with  positive  velocities.  A  physical  interpretation 
of  this  observation  is  that  the  separation  bubble  now  and 
then  is  totally  "blown  away"  by  the  external  flow  field. 

In  Fig.  10.  the  size  of  the  separation  bubble  is 
sketched.  Several  different  measures  are  used.  These 
measures  are:  mean  dividing  streamline,  zero  horizontal 
mean  velocity.  50%  of  the  samples  having  positive 
velocities,  25%  of  the  samples  having  positive  velocities 
and  75%  of  the  samples  having  positive  velocities.  The  size 
according  to  the  zero  horizontal  mean  velocity  criterion 
and  the  50%  samples  having  positive  velocities  criterion  is 
almost  identical.  The  position  for  the  25%  and  75%  curves 
differs  considerably  from  the  50%  curve.  For  the  more 
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Pig.  10.  Size  of  separation  bubble  defined  as: 

A.  25%  probability  for  positive  horizontal  velocity 
B:  zero  mean  axial  velocity  » 

50%  probability  for  positive  horizontal  velocity 
C:  mean  dividing  streamline 
D:  75%  probability  for  positive  horizontal  velocity 


downstream  position  shown,  the  vertical  positions  for  the 
75%  and  25%  positive  samples  curves  differs  by  ±  50% 
from  the  position  for  the  50%  positive  samples  curve.  (The 
75%  positive  samples  position  almost  coincides  with  the 
mean  dividing  stream  line.)  For  the  more  upstream 
position,  this  difference  is  about  ±  25%.  It  is  obvious  that 
negative  velocities  prevail  for  a  considerable  fraction  of 
time  at  positions  quite  far  outside  the  line  of  zero  mean 
axial  velocity,  and,  for  the  downstream  part  of  the 
separation  region,  even  for  positions  on  and  outside  the 
mean  dividing  streamline. 

In  the  foregoing,  we  have  mainly  discussed  in  terms 
of  fraction  of  samples  instead  of  fraction  of  time,  although 
we,  when  determining  the  position  of  the  reattachment 
point,  implicitly  assumed  that  50%  of  the  samples  having 
positive  horizontal  velocity  is  eqivalent  to  the  horizontal 
velocity  being  positive  50%  of  the  time.  It  is  not  generally 
possible  to  assume  such  a  simple  equivalence,  due  to  the 
fact  that  the  probability  of  taking  a  sample  is  not 
independent  of  the  flow  velocity.  If  the  true  probability 
density  function  of  the  variable  in  question  is  symmetrical 
around  zero,  this  is  no  problem  since  then  the  higher 
probability  for  high-velocity  samples  will  increase  the 
probabilities  for  positive  and  negative  velocity  samples 
equally  much.  If,  on  the  other  hand,  the  pdf  is  displaced 
relative  to  zero  velocity,  there  will  be  unproportional  I  y 
many  samples  having  the  sign  of  the  direction  of 
displacement.  Therefore,  the  50%  positive  samples  - 
position  is  probably  a  good  representation  of  the  "positive 
velocity  50%  of  the  time"  -  position,  whereas  for  the  75% 
positive  samples  -  position,  the  time  fraction  having 
positive  velocities  is  probably  somewhat  smaller.  (And  for 
the  25%  positive  samples  -  position,  the  time  fraction  is 


probably  somewhat  larger.)  Nevertheless,  we  think  that  it  is 
possible,  with  a  reasonable  degree  of  accuracy,  to  interpret 
the  "fraction  of  samples-curves"  in  figure  10  as  a  size/time- 
duration  map. 

3.4  Flow  structure  in  the  reattachment  and  recovery 

regions 

The  profile  at  x=3IO  mm  (position  T).  just 
downstream  of  the  mean  reattachment  point,  has  been 
chosen  for  some  comparisons  with  the  data  of  Kiya  & 
Sasaki  (1983),  who  present  results  on  turbulence  intensities 
and  turbulent  shear  stress  at  the  reattachment  point.  The 
peak  longitudinal  turbulence  intensity  is  about  25  %  in 
their  measurements,  whereas  we  have  about  35  %.  The 
normal  turbulence  intensity  is  about  25  %  lower  and  the 
turbulent  shear  stress  is  35  %  lower  in  the  measurements  of 
Kiya  &  Sasaki  compared  to  our  data.  Thus,  there  is  a 
systematic  difference  in  results  between  hot-wire  and  LDV 
measurements.  This  difference  must  be  ascribed  to  the 
inability  of  the  hot-wire  to  cope  with  large  local  turbulence 
intensities  and  instantaneous  flow  reversals  (rectification 
effects),  which  is  typical  for  this  flow  (Hussein  et  al„ 
1994). 

The  flow  in  the  two  most  downstream  positions, 
x=430  mm  (position  V).  x=510  mm  (position  X).  is 
recovering  from  the  flow  separation,  and  a  "normal" 
turbulent  boundary  layer  is  forming.  This  process  is  by  no 
means  finished,  as  can  be  anticipated  from  the  high  excess 
values  of  the  turbulent  shear  stress  and  the  turbulence 
intensifies  in  position  X  compared  to  a  fully  developed 
turbulent  boundary  layer  (Karlsson  &  Johansson.  1988). 

4.  SUMMARY  AND  CONCLUSIONS 

An  experimental  study  of  the  flow  structure  near  the 
front  edge  of  a  simulated  ice  cover  in  a  river  has  been 
performed  using  LDV.  This  geometry  is  basically  that  of  a 
forward -facing  blunt  plate,  and  therefore  also  of  a  more 
general  fluid  mechanical  interest. 

The  sharp  front  edge  of  the  ice  cover  creates  a 
separation  region  beneath  the  ice  cover,  and  the  properties 
of  the  flow  within  and  outside  this  region  have  been 
studied  in  detail.  Data  for  mean  velocities,  turbulence 
intensities  and  the  turbulent  shear  stress  have  been 
presented. 

•  The  mean  reattachment  position  was  found  to  be  at  - 
5  wetted  heights  of  the  ice  cover.  The  maximum 
instantaneous  length  of  the  recirculation  zone  is  estimated 
to  -  7.5  wetted  heights. 

•  No  data  points  taken  in  the  recirculation  zone 
contained  only  samples  with  negative  horizontal  velocities. 
Our  interpretation  is  that  the  separation  bubble  now  and 
then  is  totally  "blown  away"  by  the  external  flow  field. 


That  is.  the  minimum  instantaneous  length  of  the 
recirculation  zone  is  zero. 

•  A  size/time-duration  map  of  the  separation  bubble 
has  been  constructed  using  total  velocity  vector  angle 
histograms.  The  large  variation  in  size  of  the  separation 
bubble,  as  indicated  by  the  25%  and  75%  time-duration 
lines,  clearly  verifies  the  unsteady  nature  of  the  flow. 

•  Comparisons  (made  in  the  reattachment  region)  with 
HWA  data  shows  that  the  latter  gives  consistently  lower 
values  for  the  turbulence  quantities.  This  is  due  to  the 
inablility  of  the  HWA-technique  to  cope  with  the  high  local 
turbulence  intensities  and  the  instantaneous  flow  reversals 
which  appear  in  the  flow. 
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ABSTRACT 

This  paper  describes  the  detailed  study  of  the  flow 
structure  over  the  repeated  two-dimensional  square  ribs,  of 
side  length  D,  placed  at  a  pitch  5  on  a  ground  plane  for  var¬ 
ious  values  of  S/D,  and  the  optimum  value  of  S/D  to  aug¬ 
ment  the  turbulence  intensity  near  the  ground  plane.  The 
pitch  between  the  centers  of  two  adjoining  square  ribs  was 
varied  at  S/D  =  2,  3,  4,  5,  7,  9,  11,  13  and  17.  The  time- 
mean  velocity  and  turbulence  intensity  were  measured  by 
Laser  Doppler  Velocimeter.  The  static  pressure  was  mea¬ 
sured  by  the  Pitot  and  static  pressure  tubes.  As  a  result, 
it  is  concluded  that  the  pitch  ratio  S/D  =9  is  optimum  to 
augment  the  turbulence  intensity,  when  the  two-dimensional 
square  ribs  are  aligned  on  the  wall  as  a  turbulence  promoter. 


1.  INTRODUCTION 

The  flow  over  rough  walls  has  been  hitherto  investi¬ 
gated  in  relation  to  the  drag  of  a  rough  wall  as  well  as  early 
establishment  of  a  turbulent  boundary  layer  which  augments 
the  heat  transfer.  Nikuradse(  1933)  studied  first  the  turbu¬ 
lent  flow  in  pipes  roughened  by  sand,  and  Schlichting(1936) 
investigated  the  resistance  of  a  wall  with  repeated  roughness 
elements.  Perry  et  al(  1969)  studied  the  turbulent  boundary 
layer  that  develops  over  a  rough  wall  and  proposed  to  divide 
them  into  two  types:  “d-type"  ,  independent  of  the  size  of 
roughness  element  for  a  value  of  S/D  <  4,  (where  5  is  the 
pitch  between  adjoining  roughness  elements  and  D  is  the 
height  of  the  roughness  element)  and  “k-type”  which  is  de¬ 
pendent  on  the  roughness  size  for  S/D  >  4.  Antonia  and 
Luxton(1971)  studied  the  "k-type"  and  Osaka  et  al(1984) 
investigated  the  “d-type"  boundary  layer. 

In  connection  with  the  problem  of  augmenting  the  heat 
transfer,  Nunner(1956)  measured  the  heat  transfer  and  the 
pressure  loss  in  the  pipe  where  the  inner  wall  was  roughened 
by  wires  of  various  sizes.  Webb  et  al(1971)  studied  the  re¬ 
lation  between  the  heat  transfer  and  the  resistance  of  tubes 
roughened  by  the  repeated  ribs  for  the  cases  of  10  <  S/D  < 
40,  and  Berger  and  Hau(  1979)  measured  the  mass  and  heat 
transfer  in  pipes  roughened  with  the  repeated  square  ribs  for 
cases  of  3  <  S/D  <  10.  Rao  and  Picot(1970),  and  Edwards 


and  Sheriff(  1961 )  studied  the  heat  transfer  on  the  inner  tube 
of  an  annulus  and  the  grouud  plane  in  the  test  section  of  a 
wind  tunnel  using  wires  as  promoters  for  various  values  of 
S/D.  Optimum  values  of  S/D  to  augment  the  heat  transfer 
were  given  at  S/D  =  7  by  Rao  and  Picot(1970),  and  S/D  = 
10  by  Edwards  and  Sheriff  1961),  and  Han  et  al(1978). 

In  the  references  mentioned  so  far  no  information  is 
presented  on  the  detailed  flow  structure.  This  was  under¬ 
taken  by  Hijikata  et  al(1984)  and  Mori  et  al(1985)  who  stud¬ 
ied  the  flow  between  adjoining  ribs  among  repeated  two- 
dimensional  ribs  on  the  ground  plane  for  the  single  case  of 
S/D  =  15.  Ichimiya  et  al(1983)  measured  the  flow  over  re¬ 
peated  ribs  on  the  lower  insulated  wall  of  the  duct  whose 
upper  wall  was  heated  for  cases  of  S/D  =  5,  7  and  15.  How¬ 
ever,  these  studies  were  performed  for  limited  cases  of  S/D 
and  did  not,  as  a  consequence,  describe  the  variation  of  flow 
properties  with  the  pitch  ratio  S/D.  Okamoto  et  al(1993) 
reported  the  detailed  study  of  the  flow  properties  above  the 
repeated  two-dimensional  square  ribs  on  the  ground  plane 
for  various  values  of  S/D  and  the  optimum  value  of  S/D  to 
augment  turbulence  of  the  free  stream. 

The  present  paper  describes  the  experimental  study 
of  the  flow  structure  around  the  repeated  two-dimensional 
square  ribs  on  the  ground  plane  and  especially  in  the  groove 
between  two  adjoining  square  ribs,  for  various  values  of  S/D. 

2.  EXPERIMENTAL  APPARATUS  AND  MEASURE 
MENT  PROCEDURES 

The  experiment  was  carried  out  in  a  circuit  type 
wind  tunnel  having  a  200mm  x  200r.im  working  section  of 
2000mm  length.  A  half-ogival  forebody  of  100mm  length  was 
placed  on  the  leading-edge  portion  of  the  ground  plate(as 
shown  in  Figure  1).  Two-dimensional  square  ribs  with  side 
length  D  =  10mm  were  aligned  at  regular  pitch,  5,  on  the 
lower  wall  of  the  test  section  and  were  varied  to  provide 
S/D  =  2,  3, 4,  5,  7,  9,  11,  13  and  17.  The  trough  thus  created 
between  two  square  ribs  will  be  referred  to  as  a  groove  The 
time-mean  velocity  and  turbulence  intensity  were  measured 
by  Laser  Doppler  Velocimeter.  The  Laser  Doppler  Velocime¬ 
ter  used  in  this  experiment  is  as  follows  (forward  scattering 
dual  beams  mode,  2  colors  4  beams,  power:  4  watts  argon- 
ion,  operating  power:  300mW,  wavelength:  green  514  5nm, 
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blue  488nm,  beam  spacing:  50mm,  focal  distance:  250mm, 
measurement  region:  diameter  0.08mm,  length  0.82mm). 
The  smoke  of  the  joss  stick  was  used  for  seeding  the  air 
flow.  Auto-correlation  was  obtained  using  an  F.F.T.  Ana¬ 
lyzer  connected  to  a  hot  wire  anemometer.  The  static  pres¬ 
sure  was  measured  by  Pitot  and  static  pressure  tubes.  The 
previous  work  by  Okamoto  et  al(  1993)  describes  the  flow 
structure  over  the  two-dimensional  square  ribs  on  the  ground 
plane  by  using  Pitot-tube  and  hot  wire,  and  the  flow  pattern 
in  the  groove  between  two  adjoining  square  ribs  by  a  three 
hole  cylindrical  yawmeter.  Use  of  the  anemometer  in  the 
recirculation  zone  was  avoided  by  restricting  measurements 
above  the  top  of  the  ribs.  Therefore  the  present  work  is 
focused  on  investigating  the  flow  structure  in  the  groove  be¬ 
tween  two-adjoining  square  ribs  on  the  ground  plane.  Mea¬ 
surements  were  made  at  7  axial  locations  corresponding  to 
the  centers  of  the  groove  and  5  locations  in  the  groove  be¬ 
tween  two  adjoiuing  square  ribs  for  a  free  stream  velocity  of 
I'.*,  =  6  18m/s  corresponding  to  Re  =  U^D/u  =  3750  — 

11250 


Fig.l  Apparatus  and  nomenclature 


3  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

3.1  Velocity  Profiles  in  Shear  Layer  around  the  Repeated 
Square  Ribs 

Figure  2  shows  the  distribution  of  the  velocity  in  the 
section  at  the  center  of  grooves  between  two  adjoining  square 
ribs  for  the  case  of  S/D  =  9,  D/h  =  0.1  and  Re  =  7500.  It 
can  be  seen  from  this  figure  that  the  turbulent  shear  layer  is 
developed  in  the  downstream  distance  and  the  velocity  pro¬ 
files  tend  to  be  similar  in  the  region  of  X/D  >  86.  Figure 
3  and  4  show  the  variation  of  the  velocity  profile  in  a  sec¬ 
tion  at  the  groove  center  in  the  similar  profile  region,  near 
Xf D  *s  104  for  D/h  =  01  and  0.3  with  pitch  ratio  S/D 
respectively.  The  difference  between  the  velocity  profiles 
for  the  various  values  of  S/ D  is  concentrated  in  the  region 
of  Y/D  <  1,  namely  in  the  gToove  between  two-adjoining 
square  ribs.  The  velocity  profiles  are  almost  similar  in  the 
region  of  Y/D  >  1  outside  the  groove  for  the  various  values 
of  S/D  except  S/D  =  3  and  5  at  D/h  =  0.1  as  shown  in 
Fig-3.  However  for  the  case  of  D/h  =  0.3,  the  velocity  pro¬ 
files  become  similar  in  the  region  of  Y/D  >  1  independent 
of  values  of  S/D,  as  shown  in  Fig.4. 


Fig. 2  Velocity  profile  in  shear  layer  for  S/D  =  9  (  D/h  = 
0.1,  Re  =  7500  ) 


Fig.3  Velocity  profile  in  shear  layer  in  region  of  similarity 
(  D/h  =  0.1,  X/D  ss  104,  Re  =  7500  ) 


Fig.4  Velocity  profile  in  shear  layer  in  region  of  similarity 
(  D/h  =  0.3,  X/D  =  104,  Re  =  7500  ) 


3.2  Turbulence  Intensity  in  the  Shear  Layer  around  the  Re¬ 
peated  Square  Ribs 

The  turbulent  shear  layer  is  developed  over  the  square 
ribs  along  the  downstream  distance.  It  can  be  assumed  that 
the  mixing  phenomenon  in  the  shear  layer  becomes  strong 
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due  to  the  existence  of  square  ribs.  Figure  5  shows  the  A'- 
component  of  turbulence  intensity  in  the  shear  layer  at  the 
groove  centers  for  the  case  of  S/D  =  9,  D/h  =  0.1.  The 
turbulence  intensity  in  the  shear  layer  decays  with  an  in¬ 
crease  in  the  downstream  distance,  and  moreover  tends  to 
achieve  the  self-preserving  profiles,  like  the  velocity  profiles 
at  the  same  position.  In  order  to  examine  the  variation  in 
the  turbulence  intensity  with  the  pitch  ratio  S/D,  profiles 
of  turbulence  intensity  were  measured  at  the  position  near 
X/D  =  104  at  the  groove  centers.  Figure  6  and  7  show  the 
variation  of  turbulence  intensity  in  the  shear  layer  at  the 
positions  in  D/h  =  0  1  and  0.3  with  pitch  ratio  S/D.  It  can 
be  seen  from  these  figures  that  the  turbulence  intensity  in¬ 
creases  for  S/D  <  9  and  decreases  for  S/D  >  9  as  the  values 
of  S/ D  increases.  Figure  8  shows  the  variation  of  turbulence 
intensity  at  Y/D  =  1  in  the  groove  center  near  X/D  =  104 
for  the  case  of  D/h  =  0.1  to  0  4,  with  the  pitch  ratio  S/D , 


Fig.5  A’ -component  of  turbulence  intensity  in  shear  layer 
for  S/D  =  9  (  D/h  =  0.1,  Re  =  7500  ) 


Fig.6  A’ -component  of  turbulence  intensity  in  shear  layer 
for  various  values  of  S/D  (  D/h  =  0.1,  X/D  a: 
104,  Re  =  7500  ) 


in  order  to  establish  the  optimum  pitch  ratio  to  augment 
the  turbulence  intensity  as  a  turbulence  promoter.  It  can  be 
seen  from  this  figure  that  the  turbulence  intensity  attains 
the  maximum  at  S/D  =  9  independent  of  values  of  D/h, 
and  the  turbulence  intensity  increases  at  the  constant  value 
of  S/D  as  the  value  of  D/h  increases.  Moreover  the  effect 
of  the  Reynolds  number  on  the  optimum  pitch  ratio  S/D 
seems  to  be  few  study  since  Rao  and  Picot(1970)  reported 
that  the  optimum  pitch  ratio  was  almost  the  same  in  the 
range  of  Re  =  6  x  10-*  —  1.2  x  10s.  Figure  9  shows  the  varia¬ 
tion  of  turbulence  intensity  at  Y/D  =  1  in  the  groove  center 
near  X/D  =  104  for  the  case  of  Re  =  3750, 7500  and  11250, 


Fig.7  A-component  of  turbulence  intensity  in  shear  layer 
for  various  values  of  S/D  (  D/h  =  0.3,  X/D  ~ 
104,  Re  =  7500  ) 


Fig. 8  Variation  of  A-component  of  turbulence  intensity 
at  groove  center  with  S/D  (  X/D  a  104,  Y/D  = 
1,  Re  =  7500  ) 


Fig.9  Variation  of  A-componcnt  of  turbulence  intensity 
at  groove  center  with  S/D  (  D/h  =  0.1,  A /D  as 
104,  Y/D  —  l  ) 
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iii  order  to  investigate  the  effect  of  Reynolds  number  on  the 
optimum  pitch  ratio  to  augment  the  turbulence  intensity.  It 
is  found  front  this  figure  that  the  optimum  pitch  ratio  is  a 
constant  S/D  =  9  in  the  range  of  Reynolds  number  for  the 
present  experiment.  It  therefore  appears  that  the  effect  of 
the  Reynolds  number  may  be  insignificant.  Hence,  when  the 
two-dimensional  square  ribs  are  aligned  on  the  wall  as  a  tur¬ 
bulence  promoter,  the  pitch  ratio  S/D  =  9  is  optimum  to 
augment  the  turbulence  intensity. 

3.3  Flow  Pattern  and  Turbulent  Eddies  in  the  Groove 

As  described  in  Section  3.2,  when  the  two-dimensional 
square  ribs  are  aligned  on  the  wall  as  a  turbulence  promoter, 
the  turbulence  intensity  attains  the  maximum  at  S/D  =  9, 
which  means  that  the  mixing  phenomenon  is  more  active  for 
the  pitch  ratio  S/D  =  9  than  that  for  other  values  of  S/D. 
Flow  visualization  are  presented  first  in  order  to  provide  a 
qualitative  picture  of  the  flow  field.  Flow  visualization  was 
performed  in  a  water  channel  with  flow  corresponding  to 
/?e  as  2000.  Figure  10  shows  photographs  of  the  flow  and 
vortices  generated  behind  a  rib  for  the  cases  of  S/D  =  2, 5, 9 
and  11.  A  small  stable  vortex  exists  in  the  groove  for  S/D  = 

2  and  for  S/D  =  5  a  larger  stable  vortex  occupies  the  entire 
groove,  without  rcattachment  of  the  separation  streamline 
on  the  floor  of  the  groove.  For  S/D  =  9  and  11,  in  contrast, 
this  streamline  reattaches  to  the  floor  of  the  groove  at  about 
4 D.  This  result  was  confirmed  in  the  wind  tunnel,  at  the 
Reynolds  number  used  later.  Figure  11  shows  the  velocity 
profile  in  the  groove  between  two  adjoining  square  ribs  for 
the  case  of  S/D  »  5,9  and  13  in  order  to  investigate  the 
features  of  the  flow  in  the  groove  between  two  square  ribs. 
It  is  seen  from  Fig.  11  (a)  that  the  backflow  occupied  the  area 
near  the  floor  in  the  groove  for  S/D  =  5.  In  contrast  , 
there  is  a  backflow  near  the  floor  in  the  region  of  X/D  < 
4.5  behind  the  upstream  square  ribs  and  favorable  flow  in 
the  region  of  4.5  <  X/D  <  7.5  for  S/D  —  9  as  shown  in 
Fig.  11(b).  For  the  case  of  S/D  =  13,  it  can  be  seen  from 
Fig.U{c)  that  there  is  backflow  in  the  region  of  X/D  <  4.3 
behind  the  upstream  square  rib  and  favorable  flow  in  the 
region  of  4.3  <  X/D  <  10.8.  Hence,  the  free  streamline 
left  from  the  edge  of  the  upstream  square  rib  encloses  the 
recirculation  region  and  reattaches  to  the  ground  plane  at 
X/D  »  4  as  shown  in  Fig.  11(b)  and  11(c). 

The  length  of  the  recirculation  region,  namely,  the  dis¬ 
tance  from  the  rib  center  to  the  reattachment  point  for  the 
pitch  ratio  S/D.  is  shown  in  Fig.  12.  The  abscissa  D/S  is 
selected  to  simultaneously  show  the  result  for  the  case  of  the 
single  rib  The  existing  experimental  results  are  denoted  in 
this  figure  for  the  sake  of  comparison .  Mantle(  1966)  reported 
that  the  free  streamline  left  from  the  edge  of  the  upstream 
square  ribs  does  not  reattach  in  the  groove  for  the  case  of 
S/D  <  6.6,  but  reattaches  at  X^/D  =  4  for  the  case  of 
6  6  <  S/D  <  12  and  at  X7/D  =  8.5  for  the  case  of  infinite 
pitch  ratio,  namely,  the  case  of  a  single  rib.  Mori  et  al(1985) 
showed  X7/D  =  4.5  for  the  case  of  S/D  =  15.  Their  re¬ 
sults  and  the  present  results  ate  plotted  on  a  single  curve  in 
Fig.  12  Therefore  the  present  result  is  consistent  with  the  re¬ 
sults  of  Mantle(  1966)  and  Mori  et  al(l985).  Okamoto(1979) 
previously  reported  the  shear  flow  behind  a  flat  plate  normal 


(a)  S/D  =  2 


(b)  S/D  =  5 


(d)  S/D  =  11 


Fig.  10  Photographs  of  vortices 


to  a  plane  boundary  and  pointed  out  that  the  turbulence  in¬ 
tensity  is  largest  immediately  behind  the  rcattachment  point 
and  decreases  gradually  in  the  downstream  flow.  Figure  13 
shows  the  turbulence  intensity  in  the  groove  between  two 
adjoining  square  ribs  for  the  case  of  S/D  =  5, 9  and  13.  The 
turbulence  intensity  has  almost  the  same  low  value  in  the 
groove  as  for  the  case  of  S/D  =  5.  However  for  the  case  of 
S/D  =  9  and  13,  the  turbulence  intensity  attains  a  maxi¬ 
mum  near  the  rcattachment  point.  For  the  rase  of  5/ D  =  5, 
the  square  ribs  are  close  together  and  stable  vortices  arise 
in  the  groove  and  hence,  the  recirculation  region  occupies 
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(a)  S/D  =  5  (b)  S/D  =  9  (c)  S/D  =  13 


Fig.  11  Velocity  profile  in  the  groove  between  two  adjoining  square  ribs 
(  D/h  =  0.1,  Re  =  7500  ) 


the  entire  groove  between  the  square  ribs  without  reattach¬ 
ment,  because  the  length  of  the  recirculation  region  is  nearly 
4D(see  Fig.  10(b)).  Hence  the  turbulence  intensity  becomes 
low  as  compared  with  those  of  S/D  —  9  and  13.  On  the  other 
hand,  for  the  case  of  S/D  >  5,  there  is  a  recirculation  region 
behind  the  upstream  square  ribs,  and  the  reattached  flow 
goes  downstream  from  the  reattachment  point(see  Fig.  10(c) 
and  10(d)).  The  reattachment  point  which  corresponds  to 
the  position  of  the  maximum  turbulence  intensity  near  the 
ground  plane  is  near  the  midpoint  of  the  groove  for  the  case 
of  S/D  as  9.  Furthermore,  for  the  case  of  S/D  =  13,  the 
turbulence  intensity  decreases  as  compared  with  that  for 
S/D  =  9  The  distance  from  the  reattachment  point  to 
the  next  downstream  square  rib  is  longer  for  the  case  of 
S/D  =  13  than  for  S/D  =  9.  Hence,  the  turbulence  in¬ 
tensity  decays  with  an  increase  in  the  distance  downstream 
behind  the  recirculation  region,  so  that  it  becomes  larger  for 
S/D  =  9  than  for  S/D  =  13. 


Fig.  12  Reattachment  point 


(a)  S/D  =  5  (b)  S/D  =  9  (c)  S/D  =  13 


Fig.  13  Turbulence  intensity  in  the  groove  between  two  adjoining  square  ribs 
(  D/h  =  0  1.  Re  =  7500  ) 
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Fig.  14  Auto-correlation  at  Y/D  =  1.5  above  groove  center 


5/0 

Fig.15  Integral  scale  at  Y/D  =  1.5  above  groove  center 

This  phenomenon  can  be  explained  from  the  feature 
of  the  turbulent  eddies  in  the  flow  above  the  groove  between 
two  ribs.  The  auto-correlation  of  the  A -component  of  fluctu¬ 
ation  velocity  was  measured  in  order  to  investigate  the  struc¬ 
ture  of  large-scale  turbulence.  Figure  14  shows  the  auto¬ 
correlation  coefficient  of  «'  in  the  shear  layer  at  Y/D  —  1.5 
at  the  groove  center  near  X/D  =  122.  There  is  no  large 
negative  correlation  in  the  curves  due  to  the  existence  of  the 
periodical  vortex  shedding.  The  time  delay  of  the  first  zero 
correlation  increases  in  the  range  of  S/D  <  9  and  decreases 
in  the  range  of  S/D  >  9  as  the  value  of  S/D  increases.  The 
time  delay  of  the  first  zero  correlation  attains  the  maximum 
at  S/D  =  9  The  time  delay  which  first  becomes  the  zero 
correlation  lengthens  with  an  increase  in  the  value  of  S/D  for 
S/D  <  9,  which  shows  that  the  correlation  vanishes  slowly 
and  that  the  decay  of  a  large  eddy  is  slow.  The  average  scale 
of  the  large  turbulent  eddy  is  predicted  to  be  the  largest  for 
S/D  =  9 

The  integral,  which  identifies  the  average  scale  of  the 
large  eddy,  is  obtained  by  integrating  the  auto-correlation 
function 

Lx  -  V  jf"  flu(r)dr 

where  the  convection  velocity  is  estimated  by  the  local  time- 
mean  velocity  according  to  Taylor's  hypothesis  Figure  15 
shows  the  integral  scale  in  the  shear  layer  at  Y/D  =  15 
at  the  groove  center.  The  integral  scale  becomes  largest  at 
S/D  =  9,  which  means  that  the  average  scale  of  the  large 
eddy  is  maximum. 


3  4  Pressure  Distribution  in  Shear  Layer  over  the  Repeated 
Square  Ribs 

When  the  repeated  square  ribs  on  the  ground  plane 
arc  utilized  as  the  technique  of  augmenting  turbulence,  the 
pressure  loss  due  to  the  square  ribs  is  the  practically  impor¬ 
tant  problem.  The  pressure  distribution  on  the  floor  in  the 
groove  between  two  adjoining  square  ribs  was  investigated. 
Figure  16  shows  the  pressure  distribution  on  the  floor  in  the 
groove  for  the  case  of  S/D  =  9,  13  and  17.  The  pressure 
distribution  becomes  negative  due  to  the  existence  of  the 
vortices  behind  the  upstream  rib  for  the  case  of  S/D  =  9 


(a)  S/D  =  9 


1 

1  5  i0„ooO°' 

°°  r 

o° 

°oO°° 

0  X/D 

(b)  S/D  =  13 


(c)  S/D  =  17 


Fig.  16  Surface  pressure  distribution  on  ground  plane  in 

the  groove  between  two  adjoining  square  ribs 


Fig.  17  Pressure  distribution  at  Y/D  =  1.5  above  groove 
centers 
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and  then  has  gradually  a  high  value  with  an  increase  in  the 
downstream  distance  as  shown  in  Fig.  16(a).  However  for  the 
ease  of  S/D  =  13  and  17,  the  pressure  distribution  which 
is  low  behind  the  upstream  square  rib  in  similar  manner  of 
the  pressure  distribution  on  the  ground  plane  behind  the  flat 
plate  normal  to  the  free  stream,  and  increases  again  in  front 
of  the  downstream  square  rib.  Therefore  it  seems  that  the 
pressure  at  the  groove  center  is  close  to  the  average  value 
among  the  pressure  variation  in  the  groove  between  two  ad¬ 
joining  square  ribs.  Figure  17  shows  the  pressure  distribu¬ 
tion  at  Y/D  =  2.5  at  the  groove  centers.  The  pressure  is 
reduced  with  an  increase  in  the  downstream  distance  inde¬ 
pendently  of  S/D.  It  is  found  that  the  pressure  decreases  in 
the  range  of  S/D  <  9  as  the  value  of  S/D  increases,  and  the 
loss  is  largest  at  S/D  =  9.  Furthermore  the  pressure  loss 
for  S/D  =  13  and  17  become  slightly  smaller  than  that  for 
S/D  =  9.  Hence,  when  the  optimum  pitch  ratio,  S/D  =  9  of 
the  repeated  square  ribs  is  used  as  a  promoter,  the  pressure 
loss  is  maximum. 


4  CONCLUSIONS 

This  paper  presented  the  flow  structure  over  the  re¬ 
peated  two-dimensional  square  ribs,  of  side  length  D,  placed 
at  a  pitch  5  on  a  ground  plane  to  find  the  value  of  S/D  which 
most  augments  the  turbulence  of  the  free  stream.  The  re¬ 
sults  of  the  present  study  are  summarized  as  follows: 

(1)  The  velocity  profiles  tend  to  be  similar  at  the  groove 
center  with  an  increase  in  the  downstream  distance. 
The  difference  between  the  velocity  profiles  for  the  var¬ 
ious  values  of  S/D  is  concentrated  in  the  region  of 
Y/D  <  1,  namely  in  the  groove  between  two  adjoin¬ 
ing  square  ribs. 

(2)  The  turbulence  intensity  in  the  shear  layer  decays  with 
an  increase  in  the  downstream  distance,  and  moreover 
tends  to  achieve  the  self-preserving  profile.  The  tur¬ 
bulence  intensity  attains  the  maximum  at  S/D  =  9. 
Therefore  the  optimum  value  of  S/D  to  augment  tur¬ 
bulence  of  the  free  stream  is  S/D  =  9,  when  the  two- 
dimensional  square  ribs  are  aligned  on  the  wall  as  a 
turbulence  promoter. 

(3)  The  turbulence  intensity  in  the  shear  layer  increases  as 
the  value  of  D/h  increases.  The  optimum  pitch  ratio 
S/D  =  9  is  independent  of  values  of  D/h. 

(4)  The  effect  of  the  Reynolds  number  on  the  optimum 
pitch  ratio  may  be  insignificant 

(5)  The  turbulence  intensity  is  largest  immediately  down¬ 
stream  of  the  reattachment  point  and  decreases  gradu¬ 
ally  to  the  next  rib.  Hence  for  the  case  of  S/D  <  5,  the 
turbulence  intensity  becomes  relatively  low  due  to  non- 
rrattarhment  Moreover,  the  distance  from  the  reat¬ 
tachment  point  to  the  next  square  rib  is  longer  for 
S/D  =  13  than  for  S/D  =  9  so  that  the  turbulence 
intensity  decays  in  the  flow  downstream  of  the  recircu¬ 
lation  region 


(C)  The  average  scale  of  the  large  eddy,  deduced  from  the 
integral  scale,  is  largest  at  S/D  =  9. 

(7)  When  the  optimum  pitch  ratio  S/D  =  9  of  the  repeated 
square  ribs  is  used  as  the  promoter,  the  pressure  loss 
attains  its  maximum. 


NOMENCLATURE 
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Ru 
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pressure  coefficient  =  (P  -  Poo)l(pUZJl) 
side  length  of  square  section  of  two- 
dimensional  ribs 

height  of  test  section  of  wind  tunnel 
integral  scale  in  A'-direction 
static  pressure 

static  pressure  in  free  stream 
Reynolds  number  =  U„D/v 
auto- correlation  coefficient  of  u' 

Pitch  between  the  centers  of  two  adjoining 

square  ribs 

time-mean  velocity 

velocity  at  outer  edge  of  shear  layer 

velocity  in  free  stream 

X-component  of  fluctuation  velocity 

co-ordinates  with  origin  at  the  center  of  the 

leading  edge  of  the  ground  plane(see  Fig.  1  ). 

X  is  chosen  along  the  ground  plane,  Y  and 

Z  for  the  vertical  and  horizontal  directions 

respectively. 

distance  in  X-direction  from  the  center  of  the 
rib 

distance  from  the  center  of  square  rib  to  the 
reattachment  point 
kinematic  viscosity  of  air 
density  of  air 


REFERENCES 

Antonia, R.A.  &  Luxton.R.E.  1971,  The  response  of  a  turbu¬ 
lent  boundary  layer  to  an  upstanding  step  change  in  surface 
roughness,  Transactions  of  the  ASME.  Ser.D  93-1,  pp.22-34 

Berger, F.P.  k  Hau,K.-F.,F.-L.  1979,  Local  mass  /  heal 
transfer  distribution  on  surfaces  roughened  with  small 
square  ribs,  International  Journal  of  Heat  Mass  Transfer. 
vol.22.  pp. 1645-1656. 

Edwards.F.J.  ti  Sheriff, N.  1961,  The  heat  transfer  and  fric¬ 
tion  characteristic  for  forced  convection  air  flow  over  a  par¬ 
ticular  type  of  rough  surface.  International  Development  in 
Heat  Transfer,  Part  II,  pp.415-425 

Han.J  C  ,Glicksman,L.R.  &  Rohsenow,W.M.  1978.  An  'n- 
vestigation  of  heat  transfer  and  friction  for  rib-roughened 
surfaces,  International  Journal  of  Heat  Mass  Transfer. 
vol.21,  pp.  1143-1156. 


13.4.7. 


Hijikata,K.,Mori,Y.  k  Ishiguro.H  1984,  Turbulence  struc¬ 
ture  and  heat  transfer  of  pipe  flow  with  cascade  smooth  tur¬ 
bulence  surface  promoters.  Transactions  of  the  JSME.  50- 
458B,  pp. 255 5-2562. 

Ichimiya,K.,Yokoyama,M.  &  Shimomura.R.  1983,  Effects 
of  several  roughness  elements  for  the  heat  transfer 
from  a  smooth  heated  wall,  Proceedings  of  ASME  /  JSME 
Thermal  Engineering  Joint  Conference,  vol.l,  pp.359-364. 

Mantle, P.L.  1966,  A  new  type  of  roughened  heat  trans¬ 
fer  surface  selected  by  flow  visualization  techniques, 
Proceeding  of  3rd  International  Heat  Transfer  Conference, 
vol.l,  pp.45-55. 

Mori,Y,Hijikata.K.  &  Ishiguro.H.  1985,  Fundamental  study 
of  heat  transfer  augmentation  by  smooth  turbulence  surface 
promoters.  Transactions  of  the  JSME.  51-461B,  pp.  160- 168. 

Nifcuradse.J.  1933,  Stromiingsgesetze  in  rauhen  Rohren, 
VDI-Forschungsheft,  361. 

Nunner.W.  1956,  Warmeiibergang  und  Druckabfall  in 
rauhen  Rohren,  VDI-Forschungsheft,  455  pp.1-38. 

Okamoto.S.  1979,  Shear  layer  behind  two-dimensional  flat 
plate  normal  to  plane  boundary,  Theoretical  and  Applied 
Mechanics.  27,  pp.563-570. 


Okamoto.S  .  Nakaso.K.  &  Kawai.I.  1993,  Effect  of  rows  of 
two-dimensional  square  ribs  on  flow  property  along  plane 
wall,  JSME  International  Journal.  Scr.B,  36-1,  pp. 121-129 

Osaka, H, Nakamura,!.  k  Kageyama,Y.  1984,  Time  averaged 
quantities  of  a  turbulent  boundary  layer  over  a  d-type  rough 
surface,  Transactions  of  the  JSME.  50-458B,  pp. 2299-2306. 

Perry.A.E.,Schofield,W.H.  k  Joubert.P.N.  1969,  Rough  wall 
turbulent  boundary  layers,  Journal  of  Fluid  Mechanics.  37- 
2.  pp. 383-413. 

Rao.C.K.  k  Picot.J.J.C.  1970,  The  effect  of  turbulence  pro¬ 
moters  on  heat  and  momentum  transfer  for  air  flow  in  an  an¬ 
nulus,  Proceedings  of  4th  International  Heat  Transfer  Con¬ 
ference.  F.C.4.8,  pp.l-12. 

Schlichting.H.  1936,  Experimentelle  Untersuchung  zum 
Rauhigkeitsproblem,  Ingenieur-Archiv,  7,  pp.1-34. 

Webb,R.L.,Eckert,E.R.G.  k  Goldstein.R.J.  1971,  Heat  tans- 
fer  and  friction  in  tubes  with  repeated-rib  roughness. 
International  Journal  of  Heat  Mass  Transfer,  14,  pp.601  - 
617. 


13.4.8. 


INVESTIGATIONS  OF  FLOW-FIELD 
FOR  SUDDEN-EXPANSION  PIPE  WITH 
TRANSVERSE  SIDE-FLOWS 


A.B.  Wang,  S.P.  Jow  and  C.C.  Lin 


Institute  of  Applied  Mechanics, 
National  Taiwan  University, 

Taipei  10764,  Taiwan,  Republic  of  China 


ABSTRACT 

A  new  constructure,  combining  the  side- flow 
and  sudden-expansion  pipe,  to  enhance  the  mix¬ 
ing  phenomena  in  pipe  was  designed  and  investi¬ 
gated  in  this  paper.  This  construction  produces 
a  fixed  separated  shear  layer  from  pipe  sudden- 
expansion  on  the  one  hand  and  the  adjustable 
lateral  shear  layer(s)  from  the  transverse  of  side- 
flow^)  downstream  of  the  sudden-expansion  plane 
on  the  other  hand.  Three  basic  types  of  arrange¬ 
ment  for  the  transverse  side-flow(s),  together  with 
different  side-flow  intensities  (defined  as  volume- 
flow  ratio  of  the  side-flow  to  main  flow),  relative 
intensity  ratio  and  injection  angles  of  two  side- 
flows,  were  tested  to  analyse  their  influences  on 
the  flow.  Experiments,  measured  using  LDA,  are 
concentrated  on  the  effects  of  weak  side-flow  in¬ 
tensities  and  the  optimal  design.  Results  show 
that  this  new  constructure,  especially  using  a  sin¬ 
gle  side-flow  injection,  is  recommended  to  improve 
the  mixing  phenomena.  There  is  a  critical  injec¬ 
tion  intensity  for  such  a  flow.  The  mechanism  of 
side-flow  injection  is  to  cause  a  momentum  trans¬ 
fer  away  from  the  jet- plane  of  side- flow.  The  re¬ 
sults  offer  not  only  a  useful  guide-line  for  the  flow 
control  design,  but  also  a  good  bench  mark  for 
testing  the  numerical  modelling.  This  design  has 
the  benefits  of  simple,  low  cost  and  high  flexibility. 

INTRODUCTION 

Performance  of  mixing  of  different  fluid  flows 
determines  the  efficiency  of  many  chemical  reac¬ 
tions,  heat  transfer  operations  and  combustion 
processes  in  industry.  Many  successful  examples 
show  that  effective  use  of  turbulence  may  dramat¬ 
ically  enhance  mixing  (e.g.  Schetz(1980),  Old- 
*hue(1986),  Forney (1986)).  They  reduce  reaction 
time  and  eliminate  excessive  corrosion  in  reactor 


or  increase  the  efficiency  of  the  heat  transfer  and 
combustion  process,  thus  significantly  reduce  the 
cost. 

By  careful  analyzing  many  high-efficient  mix¬ 
ers,  it  was  found  that  the  turbulence  generated 
by  the  flow  separation  caused  by  the  baffles,  stir¬ 
rers  or  many  other  complex  geometries  is  the  main 
mechanism  for  the  process  of  mixing  enhancement 
in  such  mixers.  However,  they  introduce  the  prob¬ 
lem  of  high  cost,  maintenance  of  moving  parts  and 
very  often  also  high  pressure  drop.  From  these 
considerations,  a  back-facing  sudden-expansion 
nozzle-block  (with  expansion  ratio  1.67)  combined 
with  the  side-flow(s)  configuration,  as  shown  in 
Fig.l,  was  designed  and  investigated  in  this  pa¬ 
per.  This  construction  basically  produces  a  sep¬ 
arated  shear-layer  from  sudden-expansion  of  pipe 
in  the  streamwise  direction  on  the  one  hand  and 
also  the  shear  layer(s)  of  side-flow(s)  from  the 
lateral  pipe-wall  just  downstream  of  the  sudden- 
expansion  plane  on  the  other  hand.  The  interac¬ 
tions  of  shear  layers  caused  by  this  construction 
were  used  to  generate  high  turbulence  in  order  to 
enchance  mixing. 

Highly  turbulent  three-dimensional  flow  field 
produced  by  three  basic  arrangements  of  side- 
flows,  which  were  combination  of  positive  (injec¬ 
tion)  and/or  ‘negative’  (suction)  side-flow(s),  de¬ 
fined  as  case  1,  case  2  and  case  3  shown  in  Fig. 
1,  were  experimentally  investigated.  The  results 
were  compared  to  the  case  without  side-flows  (de¬ 
noted  as  case  0)  to  evaluate  ettects  of  the  present 
design.  To  optimize  the  design  of  injection,  the  ef¬ 
fects  of  the  influential  parameters  including  side- 
flow  arrangement  (case  1  to  case  3),  side-flow  in¬ 
tensity  ( q/Q ,  defined  as  volumetric  flow  ratio  of 
the  side-flow  to  main  stream),  the  injection  ar:- 
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gle  (a,  defined  as  the  angle  between  two  separate 
side-flow)  and  the  relative  intensity  ratio  of  two 
side- jets  were  studied  and  concluded  in  this  paper. 
The  results  offer  not  only  a  good  guide-line  for  the 
design  of  a  mixing-enhancer  but  also  a  data-base 
for  the  numerical  modelling  of  highly  turbulent 
complex  flows. 

EXPERIMENTAL  DESCRIPTIONS 

The  experiments  were  performed  in  a  closed- 
circuit  pipe  system  at  flow-control  lab.  of  the  in¬ 
stitute  of  applied  mechanics,  Taiwan  University. 
The  working  fluid  was  water.  The  test-section 
comprised  aim  long,  50  mm  diameter  (D)  glass 
pipe  and  a  nozzle-block  which  was  located  ax- 
isymmetrically  at  the  beginning  of  test-section  to 
form  the  sudden-expansion  geometry.  The  test- 
section  was  immersed  in  a  plane-wall  glass  trough 
filled  with  water  to  minimize  the  refraction  and 
reflection  of  the  laser-beams  caused  by  the  circu¬ 
lar  pipe-wall.  The  Reynolds  number  of  the  main 
flow,  based  on  the  nozzle-exit  diameter  and  aver¬ 
age  mean  velocity  at  the  nozzle  exit,  was  remained 
as  15,200.  Side-flow  was  conducted  into  the  test- 
section  after  the  pipe  sudden-expansion  by  con¬ 
necting  with  the  junctions  of  the  nozzle-block.  In¬ 
dependent  reliable  pump(s)  and  flowmeter(s)  were 
used  for  the  side-flow  system. 

Different  tracer-techniques  were  used  to  visual¬ 
ize  the  flow-field  to  get  an  overview  of  the  flow- 
field.  Measurements  of  the  axial  mean  veloc¬ 
ity  components  and  their  turbulent  fluctuations 
were  obtained  with  a  dual  beam  laser- Doppler 
anemometer  operated  in  the  forward  scattering 
mode.  The  size  of  the  measuring  control  vol¬ 
ume  was  approximately  <f>90fim  x  0.43mm.  The 
TSI-counter  1980B  was  used  for  the  signal  pro¬ 
cessing.  Mean  velocity  and  r.m.s.-values  of  veloc¬ 
ity  fluctuations  were  calculated  from  around  3,000 
to  30,000  samples,  depending  on  the  locations  of 
measurements.  Each  measurement  was  repeated 
at  least  three  times.  Detailed  descriptions  could 
be  found  in  Jow  (1994). 

RESULTS  AND  DISCUSSIONS 
1.  Flow  properties  along  the  centerline 

Fig.  2  (a)  shows  the  distributions  of  the  axial 
mean  velocity  along  the  centerline  under  the  case 
1  arrangement.  Data  of  four  different  side-flow 
intensities  (q/Q)  are  compared  in  the  figure.  It 


shows  that  the  axial  mean  velocity  along  the  cen¬ 
ter  axis  drops  /ery  quickly  to  its  ’’asymptotic  final 
value”  when  the  side  flow  was  used.  Increasing 
the  value  of  q/Q  enhances  this  trend.  The  dimen¬ 
sionless  axial  mean  velocity  along  the  centerline 
reaches  the  final  value  (about  0.4)  at  around  20  H 
for  the  q/Q  —  2.78%  rather  than  30  H  for  the  case 
without  side-flow  ( q/Q  =  0).  Fig.  2  (b)  is  the 
corresponding  axial  r.m.s.-velocity  for  the  same 
conditions.  By  the  case  0  (without  adding  side- 

flow),  the  \fv?/Uo  along  the  center  axis  increases 
in  the  downstream  direction  and  reaches  its  max¬ 
imum  value  0.144  at  about  18  H,  where  the  free 
shear  layers  from  the  exit  of  the  nozzle  interact  to¬ 
gether,  and  then  asymptotically  decreases  to  the 
final  value.  However,  by  the  case  q/Q  =  2.78%, 

the  \Zv}/Uq  reaches  0.262  (about  double  value  of 
the  case  0)  at  x/H  =  4.5.  Similar  phenomenon 
can  be  found  for  the  other  arrangements  (case  2 
and  case  3,  but  not  shown  here)  except  somewhat 
different  ‘approaching  rate’  toward  the  end  value 
of  the  mean  and  r.m.s.  velocities. 

Distributions  of  \/^/Uq  in  the  normal  plane  for 
different  side-flow  arrangements  at  x/H- 4.2  are 

plotted  in  Fig.  3.  Almost  all  the  data  of  V^/Uo 
for  three  cases  with  side-flow(s)  locate  within  the 
region  with  the  values  of  0.21  ±  0.05  Uq,  which  is 
about  a  factor  10  higher  than  that  of  the  case  0 
(about  0.02  Uq)  in  the  center  region  of  the  flow. 
It  is  worthy  noting  here  that  the  value  of  0.21  for 
VTyuo  was  concluded  as  the  ‘general’  maximum 
value  in  the  whole  flow- field  for  the  flows  after 
axisymmetric  sudden-expansion  pipe  by  compar¬ 
isons  of  different  investigations  (Wang  &  Durst 
(1993)).  From  results  of  Fig.  2  and  Fig.  3,  this 
means  that  side-flow(s)  may  effectively  increase 
turbulent  fluctuations  of  the  flow  in  order  to  en¬ 
hance  mixing. 

2.  Velocity-field  in  the  normal  plane 

Left  hand  side  (LHS)  of  Fig.  4  shows  the  flow 
field  of  the  axial  mean  velocity  in  the  normal  plane 
for  (a)  case  0  (without  side-flow),  (b)  case  1,  (c) 
case  2,  (d)  case  3  and  (e)  case  3’  (with  double 
side-flow  intensity  of  case  3).  The  effect  of  the 
side-flow  causes  the  decreasing  of  velocity  in  the 
center  part  of  the  flow  field  and  the  increasing  of 
velocity  near  the  pipe  wall.  No  reverse  flow  is 
found  in  the  normal  plane  within  the  measured 
region  (x/H  >  4.2)  for  all  the  cases  with  side- 
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flows. 

Comparisons  of  the  flow  fields  between  case  1 
and  case  2  in  the  LHS  of  Fig.  4,  it  reveals  that 
they  both  display  quite  similar  distributions  in  the 
streamwise  direction,  although  case  1  and  case  2 
represent  quite  different  control  type  of  the  side- 
flows.  Further  comparing  these  two  sets  of  data 
with  (d)  case  3  in  Fig.  4,  it  is  surprisingly  found 
that  all  the  three  cases  show  roughly  similar  dis¬ 
tributions  of  the  flow  field  for  each  corresponding 
cross-sections.  However,  the  case  3  in  (d)  is  the 
arrangement  with  only  single  q  injection,  but  both 
case  1  and  case  2,  as  shown  in  (b)  and  (c)  of  Fig.  4 
respectively,  have  double  value  of  side-flows  (2g) 
from  the  opposite  walls.  This  reveals  that,  the 
‘extra  suction’  in  case  1  or  the  ‘extra  injection’  in 
case  2  does  not  play  an  important  role  for  the  flow 
development  of  axial  mean  velocity  in  the  normal 
plane. 

The  effect  of  side-flow  intensity  can  be  shown 
by  comparing  the  results  of  single  injection  cases 
of  (d)  and  (e)  in  the  LHS  of  Fig.  4.  There  exists  a 
reverse  flow  region  in  the  center  part  of  the  case  3’ 
for  x/H  <  6,  however,  none  is  found  for  the  case 

3.  This  means  that  the  injection  of  side-flow  with 
only  2 q(Q  (=5.56%)  is  strong  enough  to  penetrate 
the  main  stream. 

It  is  important  to  note  about  (c)  case  2  and 
(e)  case  3’  in  Fig.  4  that  although  the  case  2  has 
the  same  value  of  total  injection  of  side-flow  as  the 
case  3’,  however  the  flow-field  of  case  3’  in  the  nor¬ 
mal  plane  has  changed  much  more  significant  than 
that  of  the  case  2.  This  means  that  the  magnitude 
of  side-flow  intensity  from  a  single  side- flow,  but 
not  the  total  amount  of  the  injection,  dominates 
the  changing  of  the  flow  field  in  the  normal  plane. 

3.  Velocity  field  in  the  jet-plane 

Right  hand  side  (RHS)  of  Fig.  4  shows  the  flow 
field  of  the  axial  mean  velocity  in  the  jet-plane. 
Flow  fields  of  (b),  (d)  and  (e)  display  the  skewed 
velocity  profiles  due  to  the  asymmetric  injection 
of  side-flows.  It  reveals  again  the  similar  distri¬ 
butions  for  the  case  1  and  case  3.  Increase  of  the 
intensity  of  side-flow  pushes  the  axis  of  the  main 
flow  (defined  as  the  connection  line  of  the  posi¬ 
tions  where  the  maximum  axial  mean  velocity  of 
each  cross-section  locates)  closer  towards  the  op¬ 
posite  wall.  Comparing  the  maximal  mean  veloc¬ 
ity  at  the  section  x/H= 4.2,  it  is  found  that  the 
case  2  has  the  minimum  value  (about  0.78  Uq) 
than  the  other  cases  (about  1  Uq).  Also,  it  is 


found  that  the  higher  the  injection  flow-rate,  the 
less  the  mass-flux  remains  in  the  jet-plane.  From 
the  physical  viewpoint,  this  means  that  the  higher 
the  injection  of  side-flow,  the  more  mass  flux  is 
transfered  from  the  jet- plane  to  the  other  planes. 

4.  Effects  of  injection  angle 

Fig.  5  shows  the  axial  mean  velocity  along 
the  centerline  for  different  injection  angle  by 
dual  injections  with  equal  side-flow  intensity 
(9i/Q=?2/Q=9/Q=2.78%  for  each).  The  data  of 
case  3  with  single  injection  intensity  q/Q= 2.78%, 
shown  as  solid  line  in  the  figure,  is  also  displayed 
for  the  purpose  of  comparison.  It  is  important  to 
note  here  that  the  axial  mean  velocities  along  the 
centerline  are  relatively  insensitive  to  the  varia¬ 
tions  of  injection  angle  except  for  the  case  of  c*=0, 
which  is  basically  the  case  of  case  3’  metioned 
above.  This  result  clearly  reveal  again  that  the 
side-flow  intensity  is  the  dominate  factor  for  the 
side-flow  injection,  but  not  the  total  amount  of 
the  side- flows.  By  changing  the  qi/q2  ratio  for  dif¬ 
ferent  injection  angle  (results  are  not  shown  here 
dute  to  the  limiting  space),  we  may  get  the  same 
conclusion  as  above. 

5.  Effects  of  side-flow  intensity 

Fig.  6  shows  the  axial  mean  velocity  along  the 
centerline  for  different  side-flow  intensities  by  case 
3  arrangement.  For  the  injection  intensity  less 
than  1%,  the  injection  has  almost  no  effect  on 
the  axial  mean  velocities  in  the  centerline  region. 
However,  when  the  intensity  increases  but  less 
than  3%,  the  centerline  velocity  decreases  mono- 
tonically  very  quickly  to  its  final  value  (  ~0.4  Vo) 
at  about  x/H  ~10.  This  is  evidently  shorter  than 
that  of  case  1  (x/ H  ~20)  and  of  case  0  (x/H  ~30). 
If  the  intensity  increases  further,  the  velocity  de¬ 
creases  still  quicker  and  forms  a  minimum  value 
before  it  increases  to  approach  the  final  value.  The 
minimum  value  of  U/Uo  decreases  and  its  corre¬ 
sponding  position  shifts  towards  upstream  for  the 
further  increase  of  injection  intensity.  It  is  found 
that,  as  the  q/Q>  4.17%,  the  flow  has  a  reverse 
velocity  in  the  centerline  region.  As  shown  in 
the  previous  figures,  if  the  side-flow  penetrate  the 
main  stream  in  the  center  region  of  the  pipe,  the 
flow  has  quite  different  character  than  the  cases 
without  penetration.  That  is  to  say  that  the  in¬ 
jection  intensity  q/QssA.2%  could  be  considered  as 
the  critical  injection  intensity  for  the  construction 
of  case  3.  The  critical  velocity  ratio  (defined  as 
the  bulk  velocity  of  side-flow  to  the  bulk  velocity 
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of  main  stream)  for  this  case  is  about  1.3. 

6.  Flow  structure  of  the  flow-field  by  a  sin¬ 
gle  jet  injection 

To  get  a  better  overview  of  the  flow  in  such  a 
three  dimensional  complex  structure,  as  a  exam¬ 
ple,  a  superposition  of  the  mean  velocity  distribu¬ 
tions  in  the  jet-plane,  normal  plane  and  45°- plane 
for  the  case  3  is  displayed  in  Fig.  7.  Although  the 
flow  is  quite  three-dimensional  in  the  near  field, 
however  both  the  mean  and  turbulent  velocities 
of  the  flow  are  approximately  symmetric  again  at 
i=52  H. 

It  could  also  be  found  from  Fig.  7  that  the 
axial  mean  velocity  on  the  jet-plane  has  almost 
the  lowest  values  in  each  cross-section  over  the 
whole  range  than  those  on  the  other  planes.  This 
seems  to  say  that  the  mechanism  of  injecting  a 
side- flow  is  to  transfer  momentum  away  from  the 
jet-plane.  It  is  worthy  noting  here  that  almost  all 
values  of  the  axial  mean  velocity  located  on  the 
normal  plane  are  the  largest  for  each  correspond¬ 
ing  r/R-position  in  this  case. 

Fig.  8  is  the  distributions  of  iso -U/Uo  and 

iso- v/uVf/o  lines,  which  were  interpolated  from 
the  experimental  data  by  the  commercial  Surfer- 
program.  It  reveals  clearly  that  the  side- flow 
of  case  3  causes  larger  strong  turbulence  region, 
where  values  of  vv?/Uo  are  higher  than  0.2.  Al¬ 
though  there  are  some  small  ambiguous  structures 
located  near  the  pipe  wail,  and  are  believed  to  be 
from  the  interpolation  process.  However,  it  clearly 
shows  again  that  the  interaction  of  the  designed 
shear  layers  generate  highly  turbulent  flow  and  is 
able  to  enhance  mixing  phenomena. 

CONCLUSIONS 

The  main  findings  of  the  present  investigations 
are: 

—  The  sudden-expansion  geometry  combined 
with  the  side-flow  injection/suction  in  pipe 
produce  highly  turbulent  flow.  This  con¬ 
struction  could  be  used  to  improve  the  mix¬ 
ing  in  pipe-line  system. 

—  The  side-flow  intensity  is  a  critical  parame¬ 
ter  for  the  injection  control  of  pipe  than  the 
other  influential  parameters,  such  as  the  ar¬ 
rangement  of  injection  and  suction,  injection 
angle,  relative  side- flow  intensity  etc. 


—  The  mechanism  of  injection  a  side-flow  is  to 
cause  a  momentum  transfer  away  from  the 
jet-plane. 

—  Increasing  the  intensity  of  a  single  side- 
injection  larger  than  4.2%,  (or  velocity  ra¬ 
tio  >  1.3),  the  side-flow  penetrates  the  main 
stream  and  form  a  reverse  flow  in  the  center- 
line  region.  This  value  could  be  considered 
as  the  critical  injection  intensity. 

—  It  is  recommended  to  use  single  side-flow  in¬ 
jection  instead  of  using  many  side-flows  with 
the  same  total  amount  of  side-flow  injection. 
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Figure  1:  Nomenclature  and  coordinates 


(Q) 


(  b) 


Figure  2:  Distributions  of  axial  (a)  mean  and  (b)  r.m.s.-velocity  along  the  centerline  (case 


Figure  3:  Distributions  of  axial  r.m.s.-velocity  in  the  normal  plane  at  X/H=4.2  for  differ¬ 
ent  side-flow  arrangements 
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Figure  5:  Distributions  of  axial  mean  velocity  along  the  centerline  for  different  injection 
angle 


Figure  6:  Distributions  of  axial  mean  velocity  along  the  centerline  for  different  injection 
intensities  (case  3) 
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Figure  7:  Axial  mean  and  r.m.s.- velocity  profiles  in  three  different  planes  for  case  3 
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ABSTRACT 

Conventional  directional  LDAs  are  based  on  the 
frequency  shifting  technique.  In  this  paper  a  technique  has  been 
proposed  for  the  realization  of  a  direction  sensitive  HF-pulsed 
LDA  on  the  basis  of  switch  demultiplexing  and  quadrature 
signal  processing.  This  technique  allows  one  to  take  advantage 
of  HF-pulsed  LDAs  and  to  use  only  one  high-frequency  pulsed 
laser  diode  and  one  detector  for  directional  flow  velocity 
measurements  without  frequency  shifting.  The  first 
experimental  verification  of  this  technique  has  been  made. 
Improvements  to  the  experimental  set-up  and  practical 
miniaturized  realizations  of  a  directional  HF-pulsed  LDA  using 
light  fibres  and  integrated  optical  devices  are  described. 

I  INTRODUCTION 

It  has  been  reported  that  high-frequency  pulsed  laser 
diode  LDAs  (HF-pulsed  LDA)  can  be  realized  by  using  only 
one  detector,  one  data  processing  chain  and  laser  diodes  at  an 
identical  wavelength  for  simultaneous  multi-component  flow 
velocity  measurements  (Dopheide  et  al.  1990).  In  addition  to 
this,  the  single  pulse  emitted  from  the  HF-pulsed  laser  diodes 
has  a  high  peak  power,  giving  a  better  signal-to-noise  ratio 
(SNR).  Experimental  investigations  on  these  systems  have  been 
described  in  detail  by  Dopheide  et  al.  (1993)  and  by  Wang  et  al. 
(1994a).  At  present,  the  HF-pulsed  multi-component  LDAs 
need  more  than  one  laser  diode  and  are  not  capable  of  discrimi¬ 
nating  the  direction  of  velocity  components. 

Frequency  shifting  is  generally  the  most  convenient 
method  used  in  realizations  of  direction  sensitive  LDAs.  in 
principle,  this  can  also  be  applied  in  HF-pulsed  LDAs  for 
direction  discrimination.  A  technique  for  the  realization  of  a 
directional  LDA  without  frequency  shifting  has  been  described 
by  KShler  et  al  (1993),  but,  two  detectors  and  a  variable 
attenuator  are  required. 

Since  the  peak  power  of  laser  diodes  can  be  enhanced  by 
the  high-frequency  pulsing  technique,  it  becomes  possible  to 


divide  the  output  beam  of  the  HF-pulsed  laser  diode  into 
several  beams  to  realize: 

1 )  a  multi-component  LDA  as  described  by  Wang  et  al 

(1994b); 

2)  a  directional  HF-pulsed  LDA. 

In  this  case,  only  a  single  laser  diode  is  required  to 
measure  more  than  one  component  of  a  directional  flow  velocity 
simultaneously. 

This  paper  describes  the  technique  used  to  realize  such  a 
direction  sensitive  system  with  a  single  laser  diode  and  a  single 
photodetector  and  without  frequency  shifting.  The  first 
experimental  results  are  reported.  Improvements  made  to  the 
experimental  set-up  and  practical  realizations  of  this  technique, 
for  example,  miniaturized  directional  LDAs,  using  fibre  optics 
and  integrated  optical  devices  are  also  outlined. 

2.  METHOD 

2. 1  Experimental  set-up 

As  shown  in  Fig.  1,  the  PTB’s  two-dimensional  HF- 
pulsed  LDA  has  been  modified  to  consist  of  a  single  laser  diode 
(Dopheide  et  al,  1990  &  1993;  Wang  et  al,  1994b).  The  two 
equidistant  fringe  patterns  are  parallel  in  the  measuring  volume 
instead  of  being  placed  orthogonally  like  the  fringe  patterns 
used  for  multi-component  measurements. 

As  shown  in  Fig.  2,  the  fringe  patterns  do  not  coincide 
exactly  but  are  locally  shifted  relatively  to  each  other  in  the 
direction  parallel  to  the  flow  direction.  A  particle  flying  through 
the  measuring  volume  now  results  in  two  individual  Doppler 
signals  whose  phase  difference  indicates  the  direction  of  the 
flow  velocity.  In  order  to  use  the  quadrature  signal  processing 
technique  described  by  Czarske  et  al  (1993).  the  two 
equidistant  fringe  systems  are  locally  shifted  relatively  to  each 
other  by  a  quarter  fringe  spacing.  The  experimental  realization 
of  such  an  arrangement  will  be  discussed  later  in  more  detail 
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Fig.  I  Set-up  of  the  direction  sensitive  HF-pulsed  LDA  with 
only  one  laser  diode  and  one  photodetector.  One 
80  MHz  electrical  pulse  train  is  applied  to  the  laser 
diode  driver  to  trigger  the  laser  diode,  giving  the  first 
laser  pulse  train  at  80  MHz  (black  line,  main  beam). 
By  means  of  the  beam  splitter  and  mirrors,  a  second 
laser  pulse  train  which  is  phase-delayed  to  the  first  one 
is  obtained  (dashed  black  line,  by-pass  beam).  The 
phase  difference  between  the  first  and  the  second  laser 
pulse  train  can  be  optimized  by  adjusting  the  mirrors, 
so  that  two  80  MHz  pulse  trains  are  observed  in 
sequence  in  the  measuring  volume.  The  switch 
demultiplexer  is  explained  in  Fig.  3. 


Fig.  2  Cross  sections  of  successive  fringe  patterns  in  the 
measuring  volume  and  the  generation  of  a  quadrature 
signal  pair  by  two  equidistant  fringe  systems  locally 
shifted  relatively  to  each  other  by  a  quarter  fringe 
spacing  d.  Such  an  arrangement  allows  the  quadrature 
signal  processing  technique  to  be  used  (see  Fig.  4). 


2  2  Switch  demultiplexing 


Fig.  3  Working  principle  of  a  switch  demultiplexer.  The 
received  electrical  pulse  trains  are  switched  into 
channels  1  and  2  synchronously  by  two  reference 
signals  at  80  MHz.  The  peak  detector  is  optimized  at 
the  peak  of  the  signal  pulses  at  80  MHz  (coherent 
sampling)  which  converts  the  burst  signal  behind  the 
switch  into  the  standard  Doppler  signals.  This  allows 
the  conventional  LDA  signal  processor  to  be  used  for 
signal  processing  in  HF-pulsed  LDAs. 


2.3  Quadrature  signal  processing 

If  the  conditions  in  Fig.  2  are  satisfied,  the  Doppler 
signals  after  switch  demultiplexing  are  actually  a  quadrature 
signal  pair  and  can  be  processed  using  the  quadrature  signal 
processing  technique  (Czarske  et  al,  1993,  Muller  et  al  1994). 
In  such  a  case,  the  two  Doppler  signals  have  a  90°  phase  differ¬ 
ence  and  the  same  amplitude  A  (t ): 

a !  =A  (l  )sin  <P(r )  (1) 

u.j  =A  (r  )cos  )  (2) 

The  phase  angle  dfr )  is  given  by  the  quotient  of  signals 
a  |  and  a  2  and  becomes  independent  of  the  amplitude  AU)  : 

<P(i)  =arctan  (oj/flj)  (3) 

Based  on  the  measured  time  series  of  phase  angle  values 
during  a  burst,  an  estimation  of  the  Doppler  frequency  can  be 
made  by  using  the  least-squares  method.  A  linear  regression  by 

<tAD  =  <t>0  +1  ttfrt  (4) 


The  scattered  light  is  collected  on  an  APD  using  a  lens. 
The  pulse  signals  from  the  amplifier  are  connected  to  a  switch 
demultiplexer  which  converts  the  pulse  signals  modulated  by 
the  Doppler  signals  into  two  standard  Doppler  signals  for  the 
laser  pulse  trains  I  and  2.  By  optimizing  the  phase  shift  of  these 
two  reference  signals  through  the  delay,  either  channel  1  or 
channel  2  can  be  switched  on  and  off  thus  separating  the 
Doppler  signal  of  every  component.  The  separated  Doppler 
signals  can  be  processed  using  a  conventional  LDA  signal 
processor  (see  Fig.  3,  Wangetal .  1994a). 


allows  a  direction  analysis  of  the  averaged  tracer  particle 
velocity  in  the  measuring  volume.  This  velocity  is  proportional 
to  the  center  frequency /d  in  Eq.  (4). 

The  pair  of  quadrature  signals  can  be  considered  as  the 
real  part  and  the  imaginary  part  of  a  complex  rotating  vector 
where  the  rotation  describes  the  time  dependence  of  the  phase 
angle  <Ht )  As  shown  in  Fig.  4,  the  rotation  direction  gives  the 
sign  of  the  flow  velocity  and  the  rotation  number  is  equal  to  the 
fringe  number  in  the  measuring  volume. 
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Fig.  4  Phase  angle  measurement  by  a  quadrature  signal  pair. 
The  signal  pair  sin(2  nfol )  and  cos(2  iftf  )  curve  in  the 
left  hand  shows  one  direction,  while  the  signal  pair 
sin(2  ;j(-/d)0  and  cos(2  n(-fo)t)  in  the  right  hand 
represents  the  opposition  direction. 


3  RESULTS 

Referring  to  Fig.  1,  the  direction  sensitive  HF-pulsed 
LDA  consists  of  practically  two  dual-beam  LDAs  which  have 
two  similar  fringe  systems.  These  two  fringe  systems  are 
relevant  to  the  main  and  by-pass  beams,  and  are  illuminated 
alternatively  because  of  the  optical  path  length  difference 
between  the  main  and  by-pass  beams.  During  experiments,  an 
optical  path  length  of  about  1.5  m  is  used  due  to  the  pulse 
frequency  of  80  MHz.  In  such  a  case,  the  main  and  by-pass 
beams  become  two  conjugate  pulse  trains  and  allow  the  switch 
demultiplexing  technique  to  be  used  (Wang  et  al,  1994a).  A 
shorter  optical  path  length  is  required  if  a  higher  pulse 
frequency  is  used.  For  example,  an  optica!  path  length 
difference  of  about  0.3  m  is  required  if  a  pulse  frequency  of 
I  GHz  is  used. 

In  principle,  the  main  and  by-pass  beams  have  the  same 
beam  diameter  in  the  measuring  volume  if  the  diode  laser 
output  is  collimated  to  have  a  very  small  divergence.  During 
experiments,  however,  divergent  laser  beams  have  been 
obtained  due  to  the  limitation  of  the  experimental  conditions. 
The  main  and  by-pass  beams  have  therefore  different  shapes  in 
the  measuring  volume  due  to  their  different  optical  path 
lengths,  resulting  in  two  different  Doppler  signals  (Fig.  5).  This 
makes  the  use  of  the  quadrature  signal  processing  technique 
impossible,  but,  the  direction  and  the  magnitude  of  the  flow 
velocity  can  be  easily  determined. 

In  order  to  show  the  influence  of  optical  path  length 
differences  between  main  and  by-pass  beams  on  the  shape  of 
fringe  patterns,  experiments  have  been  done  after  the  optical 
path  length  difference  is  reduced  from  1.5  m  to  0.3  m.  As 
shown  in  Fig.  6,  such  main  and  by-pass  beams  allow  two 
similar  fringe  pattern  (i.e.  two  similar  Doppler  signals)  to  be 
obtained  and  the  quadrature  signal  processing  technique  to  be 
used 
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Fig.  5  The  Doppler  signals  after  switch  demultiplexing  Ihe 
sign  of  the  flow  velocity  is  determined  by  the  sign  of 
the  phase  difference  between  the  Doppler  signals  I  and 
2  and  its  magnitude  by  the  power  spectrum  of  either  of 
the  two  Doppler  signals.  An  inverse  flow  direction  will 
result  in  an  opposite  phase  difference.  In  order  to 
obtain  better  SNR,  the  forward  scattering  has  been 
detected. 


Fig.  6  Fringe  patterns  measured  in  the  measuring  volume 
when  the  optical  path  length  between  '.he  main  and  by¬ 
pass  beams  for  the  fringe  systems  I  and  2  is  reduced  to 
about  0.3  m.  The  laser  beam  of  fringe  system  I  is 
blocked  when  fringe  system  2  is  measured,  and  vice 
versa.  The  phase  shift  is  obvious  if  the  parts  of 
enlarged  fringe  patters  shown  in  the  insets  are 
compared. 

4  IMPROVEMENT  OF  THE  EXPERIMENTAL  SET-UP 
USING  LIGHT  FIBRES 

Referring  to  Fig.  7.  the  mirrors  and  beam  splitters  are 
replaced  by  light  fibres  in  order  to  produce  the  optical  path 
length  difference  between  the  diode  laser  beams  The  HF- 


14.1.3.  „ 


Association  tor  Information  and  Image  Management 

1100  Wayne  Avenue.  Suite  1100 
Silver  Spring.  Maryland  20910 

301/587-8202  4 


MANUFACTURED  TO  RUM  STANDARDS 
BY  APPLIED  IMAGE.  INC. 


pulsed  laser  beam  is  coupled  into  the  light  fibre,  which  is  turn 
is  split  into  two  light  fibres  of  different  lengths.  The  short  light 
fibre  is  used  to  obtain  one  dual-beam  LDA,  while  the  other  long 
light  fibre  produces  the  second  fringe  system.  The  time  differ¬ 
ence  between  these  two  parallel  fringe  patterns  can  be 
controlled  by  the  length  of  the  light  fibres,  in  such  a  case,  the 
two  similar  equidistant  fringe  systems  can  be  generated  by 
adjusting  collimators  to  ensure  that  the  fringe  patterns  have  the 
same  properties  and  allow  the  quadrature  signal  processing 
technique  to  be  used. 

Fig.  8  shows  the  Doppler  signals  obtained  using  the 
set-up  in  Fig.  7.  It  is  obvious  that  these  Doppler  signals  form  a 
quadrature  signal  pair  and  can  be  processed  using  the  quadra¬ 
ture  signal  processing  technique  described  in  section  23. 
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Fig.  7  Set-up  of  the  direction  sensitive  HF-puised  LDA  with 
only  one  laser  diode  and  light  fibres.  The  fine  adjust¬ 
ment  of  the  collimators  allows  tire  two  equidistant 
fringe  systems  to  be  shifted  locally  relatively  to  each 
other  by  a  quarter  fringe  spacing  and  the  quadrature 
signal  processing  technique  to  be  used. 
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Fig.  8  Quadrature  signal  pair  obtained  after  switch  demul¬ 
tiplexing  in  Fig.  7.  The  insets  show  parts  of  the 
enlarged  bunt  signal.  In  order  to  obtain  better  SNR, 
the  forward  scattering  of  a  rotating  light  fibre  has  been 
measured. 


It  should  be  pointed  out  that 

1)  Referring  to  Fig.  7,  there  is  a  coupling  loss  of  more 
than  50%  if  a  conventional  beam  combiner  is  used. 
The  use  of  beam-splitting  and  beam-combining 
polarizers,  and  of  polarization  maintaining  light 
fibres,  supplies  also  two  orthogonal  linearly 
polarized  beams  in  the  measuring  volume,  reduces  a 
coupling  loss  and  gives  a  better  SNR 

2)  As  an  alternative  to  the  polarization  optics  described 
above,  the  experimental  set-up  in  Fig.  7  can  be 
further  unproved  if,  instead  of  the  beam  splitter,  a 
mirror  is  used.  As  seen  in  Fig.  9,  the  use  of  the 
minor  can  reduce  the  coupling  loss  such  as  occurs 
with  the  set-up  in  Fig.  7.  Such  an  arrangement  can 
also  be  applied  to  the  experimental  set-up  in  Fig.  1 
to  reduce  the  coupling  loss  and  to  enhance  the  SNR. 

3)  The  use  of  pigtailed  laser  diodes  would  be  an 
advantage  to  reduce  the  requirements  for 
adjustments  to  the  optical  system  in  Figs.  7  and  9. 

4)  Difficulties  have  been  met  in  keeping  the  stability  of 
two  equidistant  fringe  systems  in  the  set-up  diown 
in  Figs.  1  and  7.  Better  results  have  been  obtained  if 
short  optical  path  length  difference  is  used.  It  is 
hoped  that  such  instabilities  can  be  reduced  using 
integrated  optics. 


light  fibre 


Fig.  9  Set-up  of  the  direction  sensitive  HF -pulsed  LDA  with 
only  one  laser  diode  and  light  films.  in«r««d  of  the 
beam  splitter,  a  mirror  is  used  to  reduce  the  coupling 
loss  and  enhance  the  SNR.  The  integration  of  the 
mirrors  and  light  films  would  ensure  the  stability  of 
the  shifted  fringe  systems. 


As  described  by  Wang  et  al  (1994b)  and  Stieglmeier  et 
al  (1993),  the  cw  laser  can  be  used  as  the  light  source  in  HF- 
pulsed  LDAs  if  an  optical  amplitude  modulatin'  is  applied. 
When  a  control  voltage  is  applied  onto  the  centra]  plate  of  a 
hybrid  Mach-Zehnder  modulator  (Fig.  10),  an  incoming  cw 
light  beam  can  be  modulated  up  to  20  GHz  and  used  as  an  HF- 
pulsed  laser  source  for  the  realization  of  LDAs. 


14.1.4. 


optical  power 


V\f 


voltage 


Fig.  10  Mach-Zehnder  modulator  described  by  Power.  When  a 
voltage  V  (f )  is  applied  to  the  central  electrode,  the  cw 
light  input  is  modulated  to  the  high-frequency  pulse 
output  in  accordance  with  the  electro-optical  effect 
(Powell.  1993). 


5.  DISCUSSION 

It  has  been  experimentally  verified  that  only  one  HF- 
pulsed  laser  diode  and  one  detector  are  required  to  measure 
directional  flow  velocities.  Consequently,  only  one  temperature 
stabilization,  one  current  stabilization  and  one  pulse  driver  are 
required  for  the  direction  sensitive  HF-pulsed  LDA. 

Such  a  LDA  can  also  be  realized  by  using  light  fibres 
and  integrated  optical  devices  for  the  miniaturized  design  of 
directional  HF-pulsed  LDAs  without  frequency  shilling.  The 
use  of  the  quadrature  signal  processing  technique  for  example, 
the  miniaturized  signal  processor  developed  by  von  Wnuck  et  al 
(1994),  would  simplify  data  processing  and  improve  the 
function  of  the  direction  sensitive  HF-pulsed  LDA. 
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ABSTRACT 

In  the  laser  Doppler  anemometry  frequency  shift 
techniques  are  used  to  determine  the  magnitude  and  sign  of 
fluid  velocities.  These  techniques  require  two  coherent  light 
beams  with  slightly  different  frequencies.  Using  stimulated 
Brillouin  scattering  as  frequency  shift  mechanism,  an 
adjustment-insensitive  fibre  optical  system  has  been  realised  as 
a  noval  laser  Doppler  anemometer  for  directional  velocity 
measurements 
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Figure  1  Principle  set-up  for  the  generation  ol  Stokes  light  with 
only  fibre  optical  components 


INTRODUCTION 

In  fibre  optical  communication  systems  the  output 
powers  of  the  laser  sources  are  limited  in  the  lower  mW-range. 
The  emergence  of  stimulated  Brillouin  scattering  restricts  the 
signal  transmission  in  single-mode  fibres  up  to  a  distinct  signal 
power  level.  Using  pump  powers  above  this  threshold,  the 
emergence  of  SBS  can  be  used  for  other  applications  like  the 
generation  of  a  frequency  shift  in  a  direction  sensitive  laser 
Doppler  anemometer  (LDA),  which  will  be  presented. 

SBS  can  be  described  as  a  coupled  three-wave 
interaction  involving  the  incident  pump  wave,  the  generated 
acoustic  wave,  and  the  scattered  Stokes  light  wave.  The  pump 
wave  creates  a  pressure  or  acoustic  wave  in  the  fibre  due  to 
electrostriction,  and  the  resultant  variation  in  density  changes 
the  optical  susceptibility.  Thus  the  pump-induced  index  grating 
moves  to  the  fibre  end,  away  from  the  incoupling  side,  and 
scatters  the  pump  light  This  scattering  mechanism  is  called 
Brillouin-scattering.  As  a  result  of  the  conservation  of  energy, 
the  Bragg-condition  and  the  guiding  nature  of  the  fibre,  the 
pump  light  is  scattered  in  the  backward  direction  and  is 
simultaneously  downshifted  in  frequency  by  an  amount  equal  to 
the  frequency  of  the  acoustic  wave  as  described  by  Agrawal 
(1986) 

A  principle  set-up  producing  Stokes  light  with  only  fibre 
optical  components  is  shown  in  figure  1  The  pump  laser  power 
P  is  launched  into  port  1  of  a  fused  fibre  coupler.  Using  an  ideal 
3  dB  coupler  and  ideal  connections  without  losses,  50%  of  the 
pump  power  is  transmitted  to  port  2  and  is  launched  into  the 
fibre  coil  The  launched  pump  power  can  be  simply  measured  at 
port  3  At  the  end  of  the  fibre  coil  the  pump  power,  Pj,  which 
is  transmitted  through  the  fibre  coil,  is  measurable.  The  Stokes 
light  wave  5,  which  is  generated  in  the  fibre  coil  and  propagates 


in  the  backward  direction,  will  be  transmitted  through  the  fibre 
coupler  to  port  4  and  port  1 .  An  optica!  isolator  in  front  of  the 
laser  source  prevents  the  incoupling  of  Stokes  light  into  the 
laser  resonator  and  ensures  stable  laser  radiation  At  last,  half 
of  the  frequency  shifted  Stokes  light,  which  is  transmitted  to 
port  4,  is  usable 


Figure  2  Stokes  light  power  P  stokes  and  transmitted  pump 

power  Plranj  measured  with  the  set-up  shown  in  fig  I 

A  typical  input-output  characteristic  measured  with  the 
set-up  presented  in  figure  1  is  shown  in  figure  2  Above  a 
distinct  input  power  level,  Brillouin  scattering  changes  from  the 
spontaneous  to  the  stimulated  condition  with  saturated 
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transmitted  power  PTr»ns  and  a  linear  increase  of  the  backward 
scattered  Stokes  light  power  P stokes  Wl1^1  increasing  pump 
power  The  behaviour  shown  in  the  Stokes  light  power 
characteristic  looks  like  a  typical  laser  characteristic  well 
known  from  laser  diodes,  for  example  It  must  be  mentioned, 
that  the  presented  Stokes  light  power  values  in  figure  2  are  the 
power  values  measured  at  port  4  and  not  the  calculated  values 
generated  in  the  fibre  coil 

The  threshold  primarily  depends  on  the  fibre  parameters 
and  the  line  width  of  the  pump  source  Aoki  et  al  (1988)  have 
shown  a  simple  equation  for  estimating  the  threshold  level. 
Assuming  a  Lorentzian  profile  for  both  the  laser  spectrum  and 
the  Bnllouin  gain  curve,  the  SBS  threshold  power  can  be 
calculated  for  the  continuous  wave  mode  condition  with 


Ah 


=  2i-EA' 
sble  Avb 


(i) 


where  £,£  is  the  effective  interaction  length  which 
considers  the  attenuation  of  pump  power  due  to  the  fibre  loss. 
Particularly  in  long  fibres,  to  the  end  of  the  fibre  the  reduction 
of  pump  power  results  in  a  decrease  of  the  generated  Stokes 
light  power.  This  behaviour  takes  the  effective  interaction 
length  into  account  which  can  be  calculated  from 


lE  = 


1  -  exp(-a/) 
a 


(2) 


Ap  is  the  effective  core  area  of  the  fibre  calculated  with 
the  mode  field  diameter  of  the  fundamental  mode  in  a  single- 
mode  fibre,  a  is  the  linear  absorption  coefficient,  /  is  the  length 
of  the  fibre,  K  is  the  polarization  factor  (1  <  K<,  2,  K  -  2  for 
complete  polarisation  scrambling),  gB  is  the  peak  Brillouin  gain 
coefficient,  AvB  is  the  spontaneous  Bnllouin  bandwidth  and 
Avp  is  the  laser  linewidth 

A  typical  standard  telecommunication  fibre  with  a  core 
diameter  of  8  pm  has  at  a  wavelength  of  1.3  pm  a  mode  field 
diameter  of  approximately  9  pm  The  attenuation  coefficient  at 
this  wavelength  is  typical  0.34  dB/km,  which  results  in  a  linear 
absorption  coefficient  of  a  =  7.810"^  m‘*.  The  spontaneous 
Brillouin  bandwidth  has  been  considered  by  Cotter  (1983)  to  be 
approximately  20  MHz  in  a  single-mode  fibre  at  a  pump 
wavelength  of  1.3  pm.  The  Brillouin  peak  gain  coefficient  was 
determined  to  be  4.510'**  m/W  calculated  by  Stolen  (1979). 
Thus,  for  generating  Stokes  light  with  low  SBS  threshold 
powers  it  is  necessary  to  use  a  long  and  low  loss  single-mode 
fibre  which  is  pumped  by  a  laser  with  small  line  widths 

The  frequency  shift  or  ratheT  the  frequency  of  the 
acoustic  wave can  be  estimated  from 


(3) 


where  =  5960  m/s  is  the  velocity  of  the  acoustic  wave 
in  fused  silica,  as  presented  by  Cotter  (1983),  is  the 
effective  refractive  index  of  the  fibre  and  Ap  is  the  vacuum 
wavelength  of  the  pump  laser  beam  Applying  typical 


Figure  3  Typical  Fabry-Perot  spectrum  ol  the  emission  line  of 
the  pump  laser  and  the  Stokes  line  generated  in  a 
single-mode  fibre  at  a  laser  wavelength  of  1  3  pm 


communication  single-mode  fibres  at  1.3  pm  pump  wavelength. 
fp^  lies  in  the  range  of  1 3  GHz.  as  shown  in  figure  3 

For  a  reduction  of  the  frequency  shift  out  of  the  GHz- 
range  into  the  cost-saving  MHz-range,  the  beat  signal  of  two 
Stokes  waves  was  used.  The  Stokes  waves  were  generated  in 
two  single-mode  fibres  with  different  refractive  indices  Both 
fibres  were  pumped  simultaneously  by  the  same  pump  source 
Figure  4  shows  the  beat  signal  of  the  Stokes  lines  generated  in  a 
fibre  with  a  SiOj-GeOj  core  with  n  =  1  463  and  a  second  fibre 
with  a  Si02  core  and  n  =  1.451.  In  the  plotted  figure  the  beat 
frequency,  which  has  been  used  as  shift  frequency,  lies  at 
257  MHz  It  must  be  pointed  out  that  the  peak  position  of  the 
beat  signal  fluctuated  stochasticly  in  the  range  250  MHz  to 
265  MHz  where  spontaneous  Bnllouin  scattering  is  also 
detected  This  fluctuation  does  not  appear  to  be  a  problem  for 
the  evaluation  of  the  Doppler  shift  frequency  by  using  mixing 
techniques  as  presented  by  Miiller  ( J  993) 
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Figure  4  Beat  signal  of  two  Stokes  waves  which  is  used  as  shift 
frequency  for  direction-sensitive  Bnlloum-LDA 
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Figure  5  Experimental  set-up  of  the  Brillouin  frequency  shift 
LDA  exclusively  based  on  fibre  optical  components 


EXPERIMENTAL 

The  experimental  set-up  of  the  nova!  Brillouin  frequency 
shift  velocimeter  is  shown  schematically  in  figure  5.  A  pigtailed 
1  32pm  Nd:YAG  laser  with  a  non-planar  ring  oscillator  design, 

5  kHz  linewidth  and  1 50  mW  fibre  output  power,  P,  was  used 
as  pump  source.  Via  3  dB  fibre  couplers  nearly  a  quarter  of  the 
pump  power  was  launched  into  fibre  coil  1  (n  =  1 .463,  /  = 

6  4  km)  and  fibre  coil  2  (n  -  1  451,  /  =  6  km).  Again  via  the 
fibre  couplers,  nearly  20  mW  of  the  Stokes-light,  and  S2, 
was  focused  into  the  measuring  volume  by  pigtailed  gradient 
index  (GRIN)  lenses 

The  measured  signal  of  the  scattered  light  from  tracer 
particles  passing  through  the  measuring  volume  is  detected  by 
an  APD  photo  diode  and  consists  of  the  beat  frequency  of  the 
two  Brillouin  waves  /Sh,  as  shift  frequency,  and  the  Doppler 
frequency  /D,  which  is  proportional  to  the  velocity  of  the 
particles.  The  frequency  of  the  measuring  signal  is  higher  or 
lower  than  the  shift  frequency  according  to  the  sign  of  the 
velocity  u  of  the  particles  passing  through  the  measuring 
volume. 

Because  the  beat  frequency  of  the  Brillouin  waves 
fluctuates  over  a  range  of  1 5  MHz,  as  mentioned  briefly  in 
figure  4,  it  is  not  possible  to  determine  exactly  the  frequency 
part  of  the  Doppler  signal  included  in  the  measuring  signal.  An 
elegant  method  of  eliminating  the  shift  frequency  fluctuations  is 
the  correlation  of  the  measuring  signal  with  a  reference  signal 
generated  by  the  beat  signal  of  the  two  Brillouin  waves  and 
detected  by  a  PIN  photo  diode 

To  retain  the  directional  information  when  eliminating 
the  shift  frequency  with  all  its  fluctuations  by  the  mixer  stage, 
the  measuring  signal  has  to  be  mixed  with  a  quadrature 
reference  signal  pair  This  signal  pair  can  be  produced  by  a 
phase  shifter  which  generates  from  the  reference  signal  a  signal 
pair  with  a  phase  relationship  of  0®  and  90'  corresponding  to 
the  input  signal,  as  reported  by  Muller  (1993),  (1994) 

The  resulting  burst  signal  pair  behind  the  correlator  unit, 
is  directly  given  the  Doppler  frequency  in  the  base  band  con¬ 
taining  the  information  about  the  velocity  of  the  tracer  particles 
Figure  6  shows  a  typical  burst  signal  pair  measured  with  the 


Figure  6  Quadrature  burst  signal  pair  included  the  velocity  and 
the  flow  direction  of  tracer  particles 

set-up  presented  in  figure  5  The  phase  relationship  of  these 
quadrature  burst  signals,  +90°  and  -90°,  corresponds  to  the 
velocity  direction.  In  the  figure  presented,  the  burst  printed  with 
the  dotted  line  follows  the  burst  with  continuous  line  A  change 
of  the  flow  direction  is  indicated  by  a  change  in  the  temporal 
order  of  the  burst  signals  Therefore,  quadrature  mixing 
technique  allows  simple  evaluation  of  flow  velocities  and  How 
directions  with  the  Brillouin  frequency  shift  LDA  independently 
of  frequency  shift  fluctuations  of  the  Bnlloum  waves 


CONCLUSION 

A  new  method  exclusively  based  on  fibre  optical 
components  was  presented  as  a  frequency  shift  mechanism  for 
directional  velocity  measurements.  Stimulated  Brillouin 
scattering  occurring  in  two  different  single-mode  fibres  was 
used  for  the  development  of  a  noval  anemometer  The  influence 
of  Brillouin  wave  linewidths  and  frequency  shift  fluctuations  on 
the  measuring  signal  have  been  eliminated  by  combating  the 
measuring  signal  with  the  beat  signal  of  the  Brillouin  waves 
Employing  quadrature  demodulation  techniques,  the  amount 
and  sign  of  velocities  can  be  precisely  determined 
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ABSTRACT 

The  paper  presents  a  novel  shift  technique  without  using 
additional  optoelectronic  components  for  the  generation  of  a 
difference  frequency  between  the  two  LDV  beams  focused  into 
the  measuring  volume.  The  technique  utilises  the  frequency 
difference  of  two  orthogonal  polarised  modes  of  a  diode  pumped 
micro  crystal  laser  which  are  separated  into  two  laser  beams  as 
frequency  shift.  The  optical  frequency  difference  of  the  two 
modes  can  be  tuned  via  the  crystal  temperature  and  lies  in  the 
range  of  up  to  100  MHz.  Detecting  the  difference  frequency  (beat 
signal)  of  the  two  laser  modes  and  the  signal  frequency 
simultaneously  the  Doppler  frequency  can  be  evaluated 
independently  of  frequency  shift  fluctuations.  For  the  signal 
processing  FFT  as  well  as  mixing  techniques  can  be  employed. 
Using  mixing  techniques  it  is  possible  to  eliminate  the  frequency 
shift  with  all  its  fluctuations  but  retaining  the  directional 
information  in  a  quadrature  signal  pair. 

I  INTRODUCTION 

LDV  systems  with  frequency  shift  usually  are  realised  with 
Bragg  cells  or  rotating  gratings.  Alternative  techniques  have  been 
demonstrated  using  two  frequency  adjustable  single  mode  laser 
sources  for  the  generation  of  the  LDV  beam  pair  as  reported  by 
Muller  ei  al  (1993).  The  application  of  two  single  mode  diode 
lasers  as  sources  of  the  two  intersecting  beams  of  a  LDV  system 
requires  mixing  techniques  to  eliminate  the  influence  of  the  laser 
diode  line  width  of  up  to  100  MHz  to  the  signals  for  the 
realisation  of  direction  sensitive  LDV  as  shown  by  Mtlller  and 
Dopheide  ( 1 993 ).  In  contrast  to  the  techniques  which  have  been 
presented  up  to  now,  the  use  of  Nd:YAG  micro  crystal  lasers 
allows  to  utilize  a  frequency  shift  which  is  generated  in  the  laser 
resonator  itself  without  employing  additional  optoelectronics] 
components. 

Due  to  the  optical  frequency  difference  of  the  two 
orthogonally  polarized  states  of  a  single  lasing  mode  in  the  laser 
crystal,  two  frequency  shifted  LDV  beams  can  easily  be 
generated  by  the  use  of  polarizing  beam  splitters.  Thus  it  will  be 
possible  to  realize  very  compact  low  cost  directional  LDV 
systems 


2.  PROPERTIES  OF  ND  YAG-MICRO  CRYSTAL 
LASERS 

Micro  crystal  lasers  can  be  specified  such  that  the 
resonator  length  is  as  short  (0.3  mm  up  to  0.8  mm)  that  only  one 
lasing  mode  can  be  amplified  inside  the  gain  bandwidth  ol  the 
lasing  medium  (see  fig  I ). 
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Fig.  1  The  micro  crystal  laser  concept 


Furthermore  the  line  width  of  such  lasers  are  below 
10  kHz  and  they  are  tuneable  in  wavelength  by  changing  the 
temperature  of  the  crystals.  Schmitt  el  al  ( 1 993 )  reported  that  the 
tuning  range  without  mode  hops  is  more  than  1 30  GHz. 


Fig.  2  Nd:YAG-micro  crystal  laser  arrangement 
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A  laser  diode  array  emitting  250  mW  at  a  wavelength  of 
809  ran  is  used  for  pumping  the  laser  (Fig.  2).  The  output  power 
in  a  single  line  mode  can  be  more  than  20  mW. 

It  is  assumed  that  caused  by  the  crystal  growing  and  the 
production  process  of  the  small  crystal  pieces  stress  is  induced 
into  the  crystals.  Consequently  the  crystals  are  local  birefringent 
so  that  it  is  possible  to  realize  a  single  line  emission  of  the  micro 
crystal  lasers  in  two  orthogonal  polarized  modes  as  shown  by 
Schmitt  ei  al  (1994).  The  frequency  separation  of  the  two  modes 
depends  from  the  adjustment  of  the  crystals  because  the  amount 
of  birefringence  is  local  different.  Depending  on  the  adjustment  of 
the  pump  laser  diode  and  laser  crystal  the  frequency  difference 
can  be  tuned  in  the  range  up  to  100  MHz  by  altering  the 
temperature  of  the  Nd:YAG  crystal  (see  Fig.  3). 


Fig.  3  Difference  frequency  of  the  two  modes 
for  several  adjustments 


The  polarization  of  the  two  laser  modes  is  in  general  far  or 
less  elliptical  which  depends  also  from  the  adjustment  ol  micro 
crystal  laser  and  the  crystal  temperature. 

Using  appropriate  adjustments  and  working  temperatures 
it  is  however  possible  to  generate  a  single  line  emission  with  two 
orthogonally  polarized  modes  whose  frequency  difference  can  be 
used  as  frequency  shift  for  a  novel  directional  Laser  Doppler 
Velocimeter. 

3.  EXPERIMENTAL  SET-UP 

A  set-up  of  a  LDV  system  based  on  a  micro  crystal  laser  is 
shown  in  Fig.  5.  A  quarter  wave  plate  in  the  output  beam  of  the 
micro  crystal  laser  generates  two  almost  linear  polarized 
orthogonal  light  waves  which  are  separa<ed  and  splitted  by  a 
Wollaston  prism  into  two  frequency  shifted  orthogonal  polarized 
laser  beams.  Behind  the  first  lens  the  laser  beams  are  parallel.  A 
half  wave  plate  is  inserted  into  one  beam  path  to  provide  the 
same  polarization  for  the  two  beams  being  focused  into  the 
measuring  volume  by  a  second  lens. 


Figure  3  shows  that  the  tuning  slope  as  well  as  the 
difference  frequency  offset  varies  with  the  adjustment.  The 
difference  frequency  was  measured  by  a  scanning  Fabry  perot 
cavity  as  well  as  by  observing  the  beat  frequency  between  the 
modes  with  an  rf  analyser.  Depending  on  the  adjustment  (adj.  3  in 
Fig.  3)  the  modes  also  can  be  degenerated  (frequency  difference 
equal  to  zero)  at  one  temperature  (see  Fig.  4). 


Fig.  4  Fabrv-Perot  spectra  of  a  micro-crystal  laser 

for  one  adjustment  and  different  temperatures 

I 


Fig.  5  Set-up  of  the  realized  LDA  system  using  a  two  channel 
transient  recorder  for  signal  processing 


The  scattered  light  of  particles  passing  through  the 
measuring  volume  is  detected  in  backward  direction  and  focused 
onto  an  avalanche  photo  diode  (APD)  which  generates  the 
measuring  signal.  The  measuring  signal  is  given  by  the  carrier 
frequency  which  is  identical  to  the  frequency  shift  and  the 
Doppler  frequency  determined  by  the  particle  velocity  to  be 
measured.  To  avoid  an  influence  of  shift  frequency  fluctuations 
on  the  evaluation  of  the  Doppler  frequency  a  reference  signal  has 
to  be  detected  simultaneously.  Therefore  a  plan  plate  is  inserted 
into  the  output  beam  of  the  micro  crystal  laser  which  reflects  a 
fractional  part  of  the  micro  crystal  laser  output  beam  onto  a  PIN 
photo  detector,  where  the  two  orthogonal  laser  modes  are 
superimposed  to  generate  a  beat  signal. 

The  small  linewidth  of  the  beat  signal  allows  to  employ  a 
two  channel  transient  recorder  for  the  signal  evaluation  in  the 
signal  processing  chain.  The  measuring  signal  (burst  signal)  and 
the  reference  signal  (beat  signal)  are  detected  simultaneously  and 
FFT  procedures  are  used  to  calculate  the  Doppler  frequenev 
Fig.  6  shows  the  unfiltered  signals  sampled  with  a  two  channel 
transient  recorder. 
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Fig.  6  Unfiltered  reference  and  measuring  signal  of  the  realized 
LDV  system  in  the  lime  and  in  the  frequency  domain, 
represented  for  different  velocity  directions 

a)  the  tracer  particle  has  the  same  direction  as  the 
moving  fringe  system,  the  burst  frequency  is  lower 
than  the  reference  frequency 

b)  the  velocity  of  the  particle  is  opposite  to  movement 
of  the  tracer  particle,  the  burst  frequency  is  higher 
than  the  reference  frequency. 


The  signal  spectra  calculated  with  a  FFT  algorithm  show 
peaks  with  a  small  line  width  which  exceed  the  noise  floor  more 
than  20  dB.  The  shift  frequency  was  22  MHz. 

Furthermore  the  simultaneous  detection  of  a  measuring 
signal  (APD  detector)  and  a  reference  signal  (PIN  detector) 
allows  to  employ  mixing  techniques  for  the  correlation  of  the 
measuring  signal  with  the  reference  signal  to  eliminate  the 
influence  of  shift  frequency  fluctuations  onto  the  evaluation  of  the 
measuring  information.  By  mixing  the  measuring  signal  with  a 
reference  signal  the  carrier  frequency  which  is  given  by  the 
frequency  shift  can  be  eliminated  with  all  its  fluctuations  In  order 
to  retain  the  directional  information  when  eliminating  the  shift 
frequency,  the  measuring  signal  has  to  be  mixed  down  with  a 
reference  quadrature  signal  pair.  The  phase  relationship  of  the 
resulting  sine/cosine  signal  pair  in  the  base  band  contains  the 
information  of  the  velocity  direction 

polarizing 


Fig.  7  Block  diagram  of  a  micro-crystal  laser  Doppler 

Velocimeter  using  mixing  techniques  for  the  signal 
evaluation 


Fig.  7  shows  the  complete  block  diagram  of  a  micro-crystal  laser 
Doppler  Velocimeter  employing  mixing  techniques  for  the  signal 
evaluation.  The  only  difference  in  the  optical  set-up  shown  in 
Fig.  5  is  the  application  of  a  conventional  polarizing  LDA  beam 
splitter  instead  of  a  Wollaston  prism.  The  high  pass  filter  in  the 
measuring  signal  path  provides  the  possibility  to  eliminate  the 
influence  of  an  optical  cross  talking  caused  by  an  incomplete 
separation  of  the  orthogonal  polarized  laser  modes  differing  in 
their  emission  frequencies. 

Fig.  8  represents  intervals  of  two  typical  burst  signal  pairs 
behind  the  mixer  unit  detected  for  different  flow  directions.  The 
signal  pairs  are  drawn  as  x-y  plot  as  well  as  signal-time  plot  In 
the  x-y  plot  a  rotating  phaser  given  by  the  quadrature  burst  signal 
pair  describes  a  spiral  with  a  rotating  direction  depending  on  the 
sign  of  the  velocity  to  be  measured.  The  phase  relationship  in  the 
quadrature  signal  pair,  especially  the  temporal  order  of  which 
channel  leads  the  other,  gives  the  directional  information. 

Due  to  the  small  line  width  of  the  resulting  earner 
frequency  signal  the  mixing  technique  has  not  necessary  to  be 
used.  The  advantages  of  generating  and  evaluating  quadrature 
signal  pairs  in  the  base  band  by  eliminating  the  carrier  frequency 
in  the  measuring  signal  are  discussed  by  Muller  el  al  (1994), 
especially  for  measuring  signals  having  instable  carrier  frequency 
with  high  band  widths. 
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processing  based  on  transient  recorders  as  well  as  mixing 
techniques  are  applicable  to  realise  a  direction  sensitive  LDV 
system 
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Fig.  8  Intervals  of  two  signal  bursts  corresponding  to  opposite 
velocity  directions  of  tracer  particles  a)  and  b). 


CONCLUSION 

The  described  LDV  system  based  on  a  Nd:YAG  micro 
crystal  laser  allows  to  realise  direction  sensitive  flow 
measurements.  Using  two  separated  laser  modes  with  suitable 
frequency  distance  no  additional  components  for  the  shift 
frequency  generation  are  required.  The  output  power  of  up  to 
25  mW  is  interesting  for  many  applications  especially  for  the 
detection  of  the  scattered  light  in  forward  direction.  Signal 
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ABSTRACT 

In  contrast  to  LDV  systems  based  on  established 
techniques  for  the  generation  of  a  frequency  shift  between  the 
LDV  beams  being  focused  into  the  measuring  volume  the 
presented  LDV  system  employs  two  tunable  frequency  doubled 
Nd:YAG  ring  lasers,  one  for  each  LDV  beam.  The  shift 
frequency  is  continuously  adjustable  in  an  extremely  wide  range 
up  to  some  hundred  MHz  according  to  the  requirements  of  the 
flow  and  the  signal  processing.  An  output  power  of  more  than 
100  mW  in  both  laser  beams  allows  the  detection  of  small 
particles.  Furthermore,  the  visibility  of  the  laser  beams 
(X  =  532  nm)  is  useful  for  the  aligning  and  positioning  of  the 
LDV  system. 

I  INTRODUCTION 

LDV  measurements  in  high  turbulent  flows  as  well  as  at 
flows  with  high  velocity  gradients  require  shift  techniques  for  the 
discrimination  of  the  flow  direction.  Well  known  are  LDV 
systems  based  on  Ar+-ion  lasers  incorporating  bragg  cells  or 
rotating  gratings  to  realize  a  frequency  shift.  These  techniques  are 
reviewed  by  Durst  el  at  (1987). 

The  application  of  two  superposed  300  mW  Nd:YAG  ring 
laser  beams  at  1064  nm  reported  by  MQIIer  eta! (1993)  allows  to 
realize  LDV  systems  with  an  adjustable  frequency  shift  by  tuning 
the  emission  frequency  of  one  laser.  By  the  use  of  two  lasers  the 
light  intensity  in  the  measuring  volume  can  be  doubled  and  the 
signal  to  noise  ratio  increases. 

To  overcome  the  disadvantages  of  using  infrared  light  at  a 
wavelength  of  1064  nm  emitted  by  Nd:YAG  ring  lasers, 
monolithic  ring  frequency  doublers  are  applied.  The  frequency 
doubled  laser  light  of  532  nm  allows  (in  comparison  to  infrared 
light  at  1064  run) 

•  the  use  of  photo  detectors  with  a  higher  quantum 
efficiency  and  a  low  thermal  noise, 

•  to  measure  in  water  flows  over  long  working  distances 
(the  absorption  coefficient  in  water  is  small  at  532  nm) 
and 

•  an  easy  alignment  and  positioning  of  the  LDV  system. 


Furthermore,  the  small  dimensions  of  solid  state  lasers  and 
the  low  power  consumption  are  advantageous  in  comparison  with 
Ar+-ion  lasers. 

2.  FREQUENCY  DOUBLED  ND  YAG  RING  LASERS 
2.1.  1064  nm  -  Nd:YAG  ring  lasers 

The  frequency  doubled  lasers  are  based  on  tuneable 
Nd:YAG  ring  lasers  which  are  designed  as  monolithic  blocks  of  a 
Nd:YAG  crystal  with  four  reflecting  facets  (Fig.  I ).  The  dielectric 
coated  front  facet  serves  as  output  mirror  of  the  laser  The  three 
other  facets  have  total  internal  reflection  faces.  Caused  by  an 
applied  magnetic  field  the  crystal  acts  as  a  Faraday  rotator  In 
addition  with  the  non  planar  beam  path  in  the  resonator  and  the 
polarization  sensitive  front  facet  coating  an  internal  optical 
isolator  is  realized.  In  this  way  the  effects  of  spatial  hole  burning 
are  eliminated  and  very  small  line  widths  are  achieved  as  reported 
first  by  Kane  and  Byer  (1985).  The  lasers  operate  in  a  TEM(I(I 
spatial  mode  with  an  oval  beam  and  in  a  single  longitudinal  mode 
with  a  linewidth  below  10  kHz.  In  contrast  to  laser  diodes  they 
are  insensitive  to  optical  feedback. 


pwzMtedric 


Nd:YAG 

crystal 


80S  nm 


Fig.  I  Nd.  Y AG  ring  laser 


In  the  set-up  shown  in  Fig.  1  the  ring  resonator  is  pumped 
by  a  GaAlAs  laser  diodes  array  with  an  output  power  of  1  W  B\ 
matching  the  emitted  wavelength  of  the  laser  diode  to  the 
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Fig  4  shows  the  mode  chart  of  a  ring  laser  The  tuning  ranges 
without  mode  hopping  arc  about  10  GHz  in  a  total  range  of  more 
than  50  GHz 


NdYAG  absorption  band  at  809  nm  the  output  power  of  the  ring 
lasers  reaches  500  mW  The  output  power  can  be  increased  up  to 
1.1  W  by  applying  two  pump  diodes  as  reported  by  Frcitag  ei  al 
(1993).  As  shown  in  Fig.  2  and  Fig,  3  the  beams  of  the  two  pump 
diodes  arc  combined  by  a  polarizing  beamsplitter. 


Fig.  2  Nd:Y AG  ring  laser  pumped  with  two  Laser  diode  arrays 


The  temperature  of  the  Nd:YAG  crystal  is  controlled  by  a 
thermoelectric  cooler  and  allows  a  slow  tuning  of  the  emission 
wavelength  with  a  tuning  coefficient  of  -  3  GHz/K. 


Fig.  4  Mode  chart  ofaNd:YAG  ring  laser 

To  realize  a  fast  frequency  tuning  a  piezoelectric  element 
is  bounded  to  the  upper  face  of  the  monolithic  resonator  which 
exerts  a  force  on  the  crystal  face  that  slightly  changes  the 


dimension  of  the  resonator  as  well  as  the  refractive  index  of  the 
crystal  .  The  tuning  coefficient  is  approximately  2  MHz/V  in  a 
range  of  ±  SO  V.  The  modulation  bandwidth  which  is  limited  by 
the  mechanical  properties  of  the  system,  i.e.  the  piezoelectric 
element  and  the  crystal,  surpasses  more  than  100  kHz. 

In  order  to  reduce  relaxation  oscillations  as  well  as  noise, 
a  feed  back  circuit  is  implemented  which  controls  the  current  of 
the  pump  diode.  In  this  manner  the  rms  noise  value  of  the  output 
beam  is  reduced  to  less  than  0.0S  %  in  the  range  up  to  1  MHz 
and  is  small  in  comparison  with  gas  lasers. 

2.  2  Set-up  of  the  frequency  doubled  Nd:YAG  ring  laser 

As  shown  in  Fig.  5  a  monolithic  ring  resonator  with 
triangular  beam  path  doubles  the  frequency  of  the  ring  laser.  The 
front  facet  is  curved  polished  and  coated  to  get  a  reflection  of 
98.5  %  at  1 064  nm  for  the  polarization  of  the  incident  laser  beam. 
The  phase  matching  of  the  magnesium-oxide-doped  lithium 
niobate  (MgO:LiNb03)  crystal  for  second  harmonic  generation  is 
realised  for  one  of  the  longer  parts  of  the  optical  beam  path  by  an 
adequate  crystal  cut  and  a  small  oven  which  stabilizes  the  crystal 
temperature  at  107  ®C.  To  achieve  a  high  conversion  efficiency  a 
coincidence  of  the  laser  frequency  with  one  of  the  mode 
frequencies  of  the  doubler  resonator  is  necessary.  To  avoid  photo 
refractive  damage  of  the  doubler  crystal  a  control  unit  is 
implemented  to  match  the  ring  laser  frequency  to  a  resonance  of 
the  doubler  cavity  without  an  electro-optical ly  tuning  of  the 
doubler  crystal.  To  achieve  a  frequency  locking  firstly  the 
temperature  of  the  ring  laser  is  changed  periodically  in  a  range  of 
t  2.5  K  around  a  chosen  start  temperature  TK  (see  Fig.  6)  by  the 
control  unit  If  the  ring  laser  frequency  is  identical  to  the 
resonance  frequency  of  the  doubler  the  conversion  efficiency 
increases  and  a  fast  control  loop  which  acts  on  the  piezoelectrical 
tuning  input  of  the  ring  laser  allows  an  optimal  conversion  as 
reported  by  Gerstenberger  el  al  (1991 ). 
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Fig.  5  Schematic  of  a  frequency  doubled  Nd:YAG-lasers 


It  is  possible  to  achieve  from  a  300  mW  Nd:YAG  ring 
laser  more  than  100  mW  green  light  in  a  oval  TEMqq  mode  and  a 
line  width  of  50  kHz  (1  ms).  A  slowly  frequency  tuning  of  the 
green  laser  up  to  1  MHz/s  is  possible  by  altering  the  temperature 
of  the  doubler  crystal. 


Fig.  6  shows  the  mode  charts  of  two  frequency  doubled 
ring  lasers.  By  changing  the  start  temperature  TK  of  the  control 
unit  as  specified  in  Fig.  6  three  different  resonator  modes  ol  the 
doubler  can  be  used.  Since  the  phase  matching  of  the  crystal 
depends  on  the  temperature  the  tuning  ranges  arc  limited  by  the 
decreasing  conversion  efficiency.  The  half  power  width  (FWHM) 
is  about  12  GHz.  Due  to  mechanical  differences  of  the  two 
doubler  crystals  the  tuning  ranges  do  not  overlap  exactly 


Fig.  6  Mode  charts  of  the  used  frequency  doubled  Nd:YAG 
lasers 


To  achieve  large  temperature  intervals  for  heterodyne 
experiments,  the  manufacture  of  doubler  crystals  demands  a  high 
precision. 

3  REALISATION  OF  A  LDV  SYSTEM 

The  experimental  set-up  of  a  LDV  with  adjustable  shift 
frequency  is  illustrated  in  Fig.  8.  Two  100  mW  lasers  at  532  nm 
are  used  for  the  LDV.  The  shift  frequency  /S1|  of  the  LDV  is 
given  by  the  difference  of  the  emission  frequencies  /,  and  /2  of 
the  laser  beams 


/*.=/.-/,  (') 

The  detection  of  the  reference  signal  which  is  necessary 
for  the  signal  evaluation  and  the  shift  frequency  stabilization  is 
carried  out  by  the  superposition  of  small  fractions  of  both  laser 
beams  on  a  PIN  diode.  To  achieve  a  beam  diameter  of  about 
60  pm  in  the  measuring  volume  the  output  beams  of  both  lasers 
are  matched  with  two  collimators.  The  chosen  beam  distance  is 
65  mm  and  the  focal  lengths  of  the  front  lens  amounts  to 
310  mm.  A  Si-avalanche  photo  diode  (APD)  detects  the  scattered 
light  of  the  particles  passing  the  measuring  volume.  Fig.  7  shows 
a  photograph  of  the  optical  set-up  (including  both  lasers)  The 
dimensions  of  the  optical  head  are  (460  x  245  x  1 50)  mm-* 

The  calculation  of  the  signed  Doppler  frequency  follow  s 
by  the  equation: 

fs  ~  fs h  (2). 
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Fig.  7  Photograph  of  the  realized  system 

In  order  to  eliminate  shift  frequency  fluctuations,  caused 
by  drift  influences  of  the  lasers,  the  LDV  burst  signals  /s  and  the 
reference  signal  fSH  have  to  be  detected  simultaneously  by  a  two 
channel  transient  recorder.  Applying  FFT  procedures  to  both 
signals,  the  shift  frequency  as  well  as  the  signal  frequency  can  be 
evaluated.  Furthermore  the  two  channel  signal  recording  in  the 
time  domain  allows  an  elimination  of  the  influence  of  the  laser 
line  width  on  the  evaluation  of  Doppler  frequencies  by  digital 
correlation  techniques.  This  is  necessary  for  precise 
measurements  of  Doppler  frequencies  in  a  range  below  the 
bandwidth  of  the  reference  signal. 

Caused  by  environmental  influences  like  mechanical 
vibrations  and  temperature  changes  the  emission  frequency  of  the 
lasers  drifts  up  to  1  MHz/s.  To  maintain  the  desired  shift 
frequency  a  software  control  loop  is  employed.  By  using  the 
evaluated  reference  signal  frequency  an  error  signal  is  calculated 
and  fed  back  to  the  tuning  input  of  one  laser  by  a  D/A  - 
converter.  Because  of  the  slow  tuning  coefficient  of  the  laser 
emission  frequency,  the  shift  frequency  deviations  of  the  control 
loop  are  in  the  range  of  some  hundred  kHz.  To  guarantee  an 
exact  determination  of  the  Doppler  frequency  the  lower  limit  of 
the  shift  frequency  must  be  approximately  two  times  the  highest 
estimated  Doppler  frequency  independently  of  temporary  shift 
frequency  deviations.  Therefore  the  lower  limit  of  the  shift 
frequency  range  of  the  LDV-system  is  about  I  MHz. 


Furthermore,  the  large  control  deviations  require 
unconditionally  a  second  signal  processing  channel  for  the 
measurement  of  the  reference  frequency  simultaneously  to  the 
bursts.  This  is  disadvantageous  in  comparison  to  the  application 
of  ring  lasers  at  1064  nm  for  LDV  systems  presented  by 
Dopheide  and  Kramer  (1993)  which  allow  the  application  of  a 
one  channel  signal  processing  unit  for  the  burst  signal  evaluation 
by  using  a  PLL  for  the  shift  frequency  stabilisation  . 

The  upper  limit  of  the  shift  frequency  is  given  by  the 
bandwidth  of  the  photo  diodes  and  the  applied  transient 
recorders.  Measurements  were  carried  out  with  shift  frequencies 
up  to  200  MHz. 


Fig.  8  Schematic  of  the  realized  LDA  system  using  a  two 
channel  transient  recorder  for  signal  processing 
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Fig.  9  LDV  bunt  and  reference  signal  in  the  time  and 
frequency  domain 

a)  Particle  (low  direction  is  in  the  direction  of  moving 
fringe  system 

b)  Particle  flow  direction  is  opposite  to  the  direction  of 
the  of  moving  fringe  system 


Fig.  9  shows  typical  unfiltered  burst  signals  measured  in 
an  air  jet  and  the  simultaneously  recorded  reference  signals.  A 
TSI  9302  atomiser  with  a  cyclone  to  achieve  particle  diameters  in 
the  range  of  I  pm  was  used  as  particle  generator.  Although  the 
power  of  both  beams  was  attenuated  to  5  mW,  the  signal  peaks 
exceed  the  noise  level  more  than  30  dB. 

The  calculated  signal  power  at  a  laser  wavelength  of 
532  nm  as  well  as  at  1064  nm  is  plotted  in  Fig  10  for  the  realized 
optical  arrangement.  For  the  interesting  particle  diameters  below 
1  pm  the  signal  power  shows  large  fluctuations  for  both 
wavelengths,  however  the  signal  power  at  532  nm  is  predominant 
more  than  5  times  higher  as  the  signal  power  at  1064  nm. 


Fig.  10  Calculated  light  power  scattered  by  oil  particles  in  air 
flow  versus  particle  diameter 


For  the  comparison  of  the  light  power  scattered  at 
different  wavelength  the  spectral  properties,  especially  the 
quantum  efficiency,  of  the  photo  diodes  used  for  the  signal 
detection  have  to  be  considered.  While  the  quantum  efficiency  of 
infrared  enhanced  Si-diodes  at  1064  nm  is  up  to  40  %,  the 
quantum  efficiency  at  532  nm  reaches  75  %.  Therefore,  the 
system  based  on  frequency  doubled  Nd:YAG  ring  lasers  delivers 
for  particles  with  a  diameter  below  1  pm  a  better  signal  to  noise 
ratio  than  a  system  with  up  to  more  than  5  times  higher  output 
power  at  1064  nm. 

CONCLUSIONS 

The  high  output  power  of  more  than  100  mW  of  both 
lasers  at  a  wavelength  of  532  nm,  as  well  as  the  low  intensity 
noise  of  the  lasers,  allows  to  achieve  high  SNR  values.  In 
combination  with  the  adjustable  frequency  shift  the  system  is 
suitable  for  measuring  high  turbulent  flows  seeded  with  small 
particles. 

The  applied  signal  processing  is  based  on  a  two  channel 
transient  recorder  which  samples  the  burst  signals  and  the 
reference  signals  simultaneously.  The  small  dimensions  and  the 
low  power  consumption  of  the  lasers  are  advantageous  for  the 
application  of  the  developed  LDV  system. 
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ABSTRACT 

We  demonstrate  the  design  and  implementation  of  a  fibre- 
optic-bundle  (FOB)  beam  delivery  system  for  particle  image 
velocimetry  (PIV)  applications.  The  system  is  designed  for 
the  transmission  of  high  peak  power  pulses  bom  a 
Q-switched  and  frequency  doubled  NdtYAG  laser,  it  is  thus 
suitable  for  illuminating  high  speed  fluid  flows.  A  fibre 
bundle  offers  advantages  over  a  single  fibre  in  beam  delivery 
systems  for  light  sheet  formation.  The  damage-limit- 
maximum  power  that  can  be  transmitted  is  greater  for  the 
bundle  than  for  any  of  its  component  fibres,  and  the  quality  of 
the  derived  light  sheet  is  higher  than  that  obtainable  from  a 
single  large  core  fibre  of  power  handling  capacity  equivalent 
to  that  of  the  bundle.  The  beam  delivery .  system  was 
demonstrated  in  PTV  measurements  on  a  premixed  propane- 
air  flame. 


1.  INTRODUCTION 

Particle  image  velocimetry  (PIV)  has  been  developed  in 
recent  years  as  a  technique  to  provide  two-dimensional 
velocity  measurements  in  a  fluid  flow.  The  use  of  an  optical 
fibre  delivery  system  minimises  the  free  space  laser 
transmission,  improving  safety  and  reducing  the  possibility  of 
stray  light  reflections  which  could  compromise  image  quality. 
In  addition  the  fibre  delivery  system  eases  the  problem  of 
optical  access,  allowing  PIV  to  be  used  in  test  rigs  where  it 
would  not  be  possible  with  a  bulk  optic  delivery  system. 
Pulsed  lasers,  such  as  the  frequency  doubled  Q-switched 
Nd:YAG,  are  essential  for  illuminating  high  velocity  air  flows 
as  reported  by  Kompenhans  and  Hocker  (1988).  Such  lasers 
can  deliver  high  energy  pulses  (  -  150  mJ  )  in  a  few 
nanoseconds,  and  while  the  average  output  power  of  such  a 
laser  may  be  less  than  the  average  power  output  of  a 
continuous  wave  (CW)  laser,  the  peak  power  is  considerably 


higher.  Thus  there  exists  a  requirement  for  optical  fibre 
delivery  systems  for  PTV  capable  of  delivering  peak  powers 
which  are  orders  of  magnitude  greater  than  those  found  in, 
for  example,  LDA  delivery  systems. 

In  this  paper  we  show  that  when  a  single  fibre  is  used  in 
the  beam  delivery  system,  then  a  compromise  exists  between 
the  maximum  transmittable  power  and  the  quality  of  the 
output  beam.  We  further  show  that  the  compromise  may  be 
significantly  improved  by  using  a  bundle  of  fibres  rather  than 
a  single  fibre,  and  demonstrate  that  a  FOB  delivery  system 
may  be  used  for  PTV  applications  requiring  pulsed  laser 
illumination.  By  considering  the  optical  damage  threshold  of 
the  FOB,  we  determine  the  maximum  energy  from  a 
Q-switched  and  frequency  doubled  Nd:YAG  laser  which  may 
be  transmitted  through  the  bundle.  By  characterising  the 
output  beam  from  the  FOB,  we  demonstrate  the  formation  of 
a  light  sheet  suitable  for  PIV  applications. 

PIV  measurements  have  been  demonstrated  on 
combusting  flows  by  Armstrong  et  al  (1992)  using 
conventional  beam  delivery  optics;  however  in  these  studies 
we  describe  a  PIV  experimental  set-up  incorporating  a  FOB 
delivery  system  which  was  used  to  obtain  PTV  images  of  a 
laboratory-based  propane-air  flame  seeded  with  3  pm  A12Oj 
particles. 


2.  DESIGN  OF  FIBRE  OPTIC  BUNDLE  BEAM 
DELIVERY  SYSTEM 

A  single-mode  step-index  fibre  suitable  for  use  with 
visible  light  has  a  core  diameter  of  about  3  pm  and  has  been 
used  to  transmit  at  least  500  mW  from  a  CW  argon  ion  laser 
as  reported  by  Jackson  et  al  (1984).  However,  to  transmit  the 
high  peak  powers  present  in  Q-switched  lasers,  in  the  order 
of  3  MW  in  the  present  experiments,  we  must  consider  using 
large  core  multimode  step-index  fibres  with  core  diameters 
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2.1.  Construction  of  Fibre  Optic  Bundle 


ranging  typically  from  200  to  1000  pm  as  described  by 
Allison  el  al  (1985).  Previous  research  by  Anderson  et  al 
(1994)  has  successfully  used  single  multimode  optical  fibres 
to  deliver  high  peak  power  laser  radiation  for  PTV  sheet 
illumination;  however,  systems  based  upon  single  multimode 
optical  fibres  are  limited  by  the  maximum  power  transmitted 
and  the  relatively  poor  beam  quality  at  the  fibre  output. 

The  laser-induced-damage  threshold  (UDT)  of  multimode 
fibres  increases  as  the  core  diameter  of  the  fibre  is  increased 
as  reported  by  Anderson  et  al  (1994).  The  output  beam 
quality  from  a  step-index  multimode  fibre  is  given 
approximately  by  the  product  of  the  output  beam  numerical 
aperture  and  the  fibre  core  diameter  after  Su  et  al  (1992). 
For  the  transmission  of  a  high  power  beam,  a  sufficiently 
large  fibre  core  diameter  must  be  specified  to  avoid  damage. 
Thus,  the  output  beam  quality  is  generally  much  lower  than 
that  of  the  input  laser  beam.  Hence,  the  poor  beam  quality  at 
the  output  of  a  large  core  multimode  fibre  prevents  the 
formation  of  a  well  collimated  and  "thin"  light  sheet  as 
required  for  PIV  illumination.  In  one  practical  example,  a 
step-index  optical  fibre  with  a  core  diameter  of  600  pm, 
Anderson  ct  al  (1994),  resulted  in  an  output  beam  quality  of 
-  72  mm  mrad,  which  when  imaged  into  a  light  sheet  2  mm 
thick  remained  collimated  over  a  relatively  short  distance  of 
22  mm.  Hence,  the  choice  of  optical  fibre  for  laser  beam 
delivery  must  therefore  be  a  compromise  between  output 
beam  quality  and  peak  power  transmitted. 

To  improve  the  compromise  between  output  beam  quality 
and  peak  power  transmitted  we  have  investigated  the  use  of  a 
fibre-optic-bundle.  The  maximum  power  transmission  of  the 
bundle  will  scale  with  the  number  of  component  fibres  used 
in  its  construction;  because  the  fibres  are  arranged  into  a  line 
at  the  bundle  output  end  then  the  beam  quality  depends  only 
upon  the  core  diameter  of  the  individual  fibres. 

An  additional  concern,  when  using  large  core  multimode 
optical  fibres,  is  that  the  output  beam  profile  may  show 
considerable  small  scale  intensity  variations,  or  speckle, 
arising  from  interference  between  the  many  guided  modes  of 
the  fibre.  Ideally,  variations  in  the  light  sheet  intensity  must 
be  such  that  all  the  particle  image  pairs  can  be  analysed. 
That  is,  even  in  those  regions  of  the  sheet  where  the  power 
density  is  at  its  lowest  there  must  be  adequate  illumination  to 
produce  satisfactory  images  on  the  photographic  film.  The 
resulting  image  intensity  of  the  particle  seeding  on  the 
photographic  film  should  meet  the  detectability  criterion 
discussed  in  Adrian  and  Yao  (1985),  i.e.  that  45  %  of  a 
Gaussian  image  spot  should  exceed  the  gross  fog  level  of  the 
film. 


The  fibre-optic  bundle  was  constructed  using  nineteen 
fused  silica  step-index  fibres  (Manufactured  by  CeramOptec) 
with  core  and  cladding  diameters  of  200  and  220  pm 
respectively;  the  fibre  core  material  was  pure  fused  silica 
with  a  doped  cladding  and  the  fibres  were  coated  with  an 
acrylate  buffer.  At  the  input,  the  individual  fibres  were 
bound  together  mechanically  into  a  round  bundle.  Adhesives 
were  not  used  because  they  would  not  be  able  to  withstand 
the  high  peak  laser  powers  present  at  the  launch.  The  first 
step  in  the  construction  of  the  fibre  bundle  was  to  cut  the 
nineteen  individual  fibres  into  5  m  lengths,  then  the  input 
faces  of  the  fibres  were  cleaved  to  avoid  excess  scattering  and 
absorption  of  the  laser  radiation.  Both  the  fibre  bundle  and 
the  cleaver  were  clamped  to  an  optical  table,  allowing  all  of 
the  fibres  to  be  cleaved  with  equal  lengths  to  an  accuracy  of 
±  0.5  mm  at  the  input.  The  fibres  were  then  guided  into  a 
tapered  pyrex  capillary  tube  to  mechanically  hold  the  fibres 
into  a  circular  bundle;  the  internal  diameter  of  the  pyrex 
capillary  at  the  output  was  approximately  1.2  mm. 

At  the  output  of  the  bundle,  the  fibres  were  arranged 
without  correlation  between  positions  at  the  input  and  output 
ends  in  a  line  -  4.2  mm  long.  The  fibres  were  placed  in  a 
channel  machined  from  an  aluminium  block  and  were 
secured  in  place  using  UV  curing  glue  and  a  rubber  clamp. 
The  fibres  were  carefully  polished,  using  a  special  polishing 
rig,  with  various  grades  of  abrasive  paper  down  to  a 
minimum  abrasive  grit  size  of  0.3  pm;  this  ensured  that  the 
output  facets  were  accurately  aligned.  The  complete  fibre 
bundle  assembly  was  sheathed  in  polythene  tubing  to  protect 
the  bundle  from  mechanical  damage. 

2.2.  Launch  Optics  for  the  FOB 

A  single  plano-convex  lens  with  a  focal  length  of  400  mm 
was  used  to  launch  light  into  the  fibre  bundle,  see  figure  1; 
the  lens  was  chosen  to  ensure  that  the  numerical  aperture  of 
the  input  beam  (12.5  mrad)  was  less  than  the  numerical 
apmure  acceptance  angle  of  the  individual  fibres  (220  mrad). 
To  match  the  outer  diameter  of  the  bundle,  -  1.1  mm,  to  the 
beam  diameter,  the  input  face  cf  the  fibre  bundle  was 
positioned  upstream  of  the  lens  focus  at  a  distance  of  325  mm 
from  the  lens  resulting  in  a  beam  diameter  of  -  1.4  mm  at  the 
input  of  the  FOB  to  give  a  reasonably  uniform  illumination. 

The  launch  efficiency  depended  upon  the  packing  density  of 
the  fibres  at  the  input  and  the  size  of  the  laser  beam  relative 
to  the  bundle  diameter.  The  maximum  launch  efficiency 
achieved  was  31  %. 
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F  =  400  mm 


2.3.  Laser  induced  Damage  Threshold 

The  laser  used  in  the  experiments  described  in  this  paper 
is  typical  of  those  used  for  air  flow  measurements  using  PTV. 
The  laser  was  a  Spcctra-Physics  GCR12,  which  is  a 
frequency  doubled  NdrYAG  giving  an  output  with  a 
wavelength  of  532  nm,  a  pulse  duration  of  6  ns  at  a  repetition 
frequency  of  10  Hz  and  pulse  energy  up  to  150  mi.  In 
previous  studies  reported  by  Anderson  et  al  (1994)  the  laser 
induced  damage  threshold  (LIDT)  of  three  step-index  fused 
silica  fibres  was  determined  for  fibres  with  core  diameters  of 
400,  600  and  1000  pm,  using  the  above  mentioned  laser,  as 
7,  9  and  14  mJ.  In  addition  the  LIDT  for  the  optical  fibre 
used  in  the  construction  of  the  bundle,  i.e.  200  pm  core 
diameter  step  index  fibre,  was  found  to  be  -  1.5  mJ.  In  these 
previous  experiments  using  individual  fibres  and  also  for  the 
FOB,  the  UDT  was  taken  as  the  transmitted  power  level 
achieved  before  there  was  a  catastrophic  drop  in  the 
transmitted  power,  600  Q-switched  laser  pulses  were  used  at 
each  power  level  in  each  damage  test.  All  the  observed  fibre 
damage  was  internal,  occurring  within  -  40  mm  of  the  input 
fibre  facets,  generally  at  the  core  cladding  interface.  The 
launch  optics  for  the  LIDT  tests  of  the  fibre  bundle  were  as 
described  in  section  2.2  .  The  UDT  for  the  bundle  was 
measured  as  21  mJ.  There  is  evidence  repotted  by  Merkle  et 
al  (1984)  of  accumulative  damage  occurring  in  optical 
materials  at  power  levels  lower  than  the  UDT,  and  hence  it  is 
recommended  that  for  prolonged  operation  power  levels 
significantly  below  the  UDT  level  are  used. 
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Fig.  2  Output  optics  for  light  sheet  formation. 

The  sheet  thickness,  as  measured  at  the  l/e^  intensity 
points,  is  displayed  in  figure  3  as  a  function  of  the  working 
distance  from  the  cylindrical  lens.  The  collimated  distance, 
i.e.  the  distance  over  which  the  sheet  thickness  is  less  than 
■J2  x  t",  is  105  mm,  see  figure  3.  Using  the  beam  waist  tw 
and  the  far-field  divergence  angle  a  (18.2  mrad)  as  shown  in 
figure  3,  then  the  beam  quality  of  the  light  sheet  is 
approximately  24  mm  mrad. 
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2.4.  Light  Sheet  Characteristics 

A  single  cylindrical  lens  with  a  focal  length  of  75  mm  was 
used  to  form  the  light  sheet  for  P1V  illumination,  see  figure  2. 
The  light  from  the  fibre  array  was  allowed  to  expand  freely  in 
one  dimension,  with  an  angle  9  of  104  mrad,  whilst  the 
cylindrical  lens  focused  the  sheet  in  the  other  dimension. 
With  the  lens  positioned  92  mm  from  the  fibre  array,  then  the 
light  sheet  waist  was  formed  at  a  working  distance  of 
460  mm  from  the  lens.  The  width  of  the  light  sheet  at  the 
waist  position,  tw .  was  1.3  mm. 


Fig.  3.  Light  sheet  thickness  as  a  function  of  working 
distance. 

With  many  modes  guided  at  the  output  of  each  of  the 
multimode  fibres,  interference  will  lead  to  the  formation  of 
speckles  in  the  far-field  intensity  distribution.  In  addition 
there  will  be  interference  between  the  modes  from  the  fibres 
in  the  array.  As  an  illustration,  figure  4  shows  the  far-field 
intensity  distribution  at  the  output  of  a  100  Jim  diameter  core 
step-index  fibre  which  clearly  demonstrates  the  presence  of 
speckles. 
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Fig.  4.  Typical  far-field  intensity  distribution  at  the  output 
of  a  100  pm  diameter  core  fibre. 


The  visibility,  V,  of  small  scale,  speckle-induced  intensity 
variations  in  a  region  of  the  fibre  far  field  can  be  defined  as 

y  ~*min)  (1) 

2I.v 


Where  I,,^,,  and  I,v  are  the  maximum,  minimum  and 
average  intensity  values  recorded  in  the  intensity  distribution 
of  die  fibre  far-ficld.  respectively. 

A  CID  (Charge  Injection  Device)  camera  was  used  to 
capture  images  of  the  output  beam  profile  of  the  fibre. 
Measurements  were  made  of  both  the  full  output  beam  and  of 
the  central  region  of  the  expanded  beam.  The  speckles  in  the 
light  sheet  formed  with  the  fibre  bundle  had  a  visibility  of 
15  %;  however,  even  with  the  speckle  induced  intensity 
variations  in  the  light  sheet  it  is  still  possible  to  obtain  PTV 
images  of  sufficient  quality  to  create  a  2-dimensional  velocity 
vector  map,  as  illustrated  in  section  4.1. 


3.  BURNER  AND  FLOW  SEEDING 

The  burner  design  used  in  these  studies  was  based  upon  a 
torch  used  for  glass  blowing  which  had  been  modified  to  give 
an  outlet  nozzle  diameter  of  9  mm.  Propane  (commercial 
grade)  and  compressed  air  were  mixed  before  entering  the 
nozzle.  The  air  flow  is  seeded  prior  to  mixing  with  the 
propane.  Aluminium  oxide  powdeT  has  been  used  by  various 
researchers,  such  as  Kennedy  (1982)  and  Witze  &  Baritaud 
(1986),  for  seeding  combusting  flows;  in  the  present 
experiments  the  AI2O3  seed  used  had  a  mean  size  of  3  pm 


and  was  introduced  to  the  air  flow  using  a  cyclone  aerosol 
generator  as  described  by  Glass  and  Kennedy  (1977). 


BYPASS 


Fig.  5  Experimental  arrangement. 


4.  PIV  IMAGE  RECORDING 

The  dimensions  of  ihe  light  sheet  used  for  illumination  of 
the  propane  flame  are  identical  to  those  described  in  section 
2.4.  The  laser  was  operated  in  double-pulsed  mode;  the 
pulse  interval  was  set  to  100  ps.  The  energy  of  each  pulse 
was  measured  at  the  output  of  the  fibre  bundle  to  be  12  mJ  . 

A  Nikon  camera  and  a  55  mm  MicroNikkor  lens  were 
used  to  image  the  particle-laden  flow-field  onto  the  35  mm 
film.  The  magnification  from  the  light  sheet  to  the  film  was 
set  as  1/3.  In  order  to  remove  the  flame  luminosity,  an 
interference  filter  (bandpass  wavelength  of  532  nm  and 
10  nm  bandwidth)  was  attached  to  the  front  of  the  lens. 
Kodak  Tmax  film  with  an  ASA  rating  of  400  was  used;  the 
aperture  of  the  lens  was  set  at  /T2.8,  and  the  camera  shutter 
timings  were  synchronised  with  the  pulse  output  of  the  laser. 

4.1.  PIV  Analysis 

The  PIV  photographic  images  were  analysed  using  the 
Young's  fringe  technique,  Robinson  and  Reid  (1993),  to  give 
a  two-dimensional  velocity  vector  map  of  the  flow.  Figure  6 
shows  a  typical  uninterpolated  velocity  vector  map  of  the 
propane  flame;  the  mean  velocity  component  in  the  vertical 
direction  was  measured  as  3.1  m  s'1.  The  analysis  software 
was  used  to  subtract  a  velocity  of  2.5  m  s'^  from  the  vertical 
velocity  vector  components;  the  resulting  vector  map  shown 
in  figure  7  reveals  the  changing  nature  of  the  flame  flow 
field. 
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Vertical  node  separation  =  1.5  nun 
Horizontal  node  separation  =  1 .5  mm 

Fig.  6  Uninterpolated  velocity  vector  map  of  the  propane 
flame. 


5.  SUMMARY 

This  paper  has  demonstrated  the  use  of  a  fibre-optic  - 
bundle  beam  delivery  system  suitable  for  PTV  application 
that  require  light  sheet  illumination  from  high  peak -power 
pulsed  lasers.  The  maximum  power  capable  of  being 
transmitted  by  a  fibre  bundle  is  greater  than  that  for  any  of  its 
component  fibres,  and  the  quality  of  the  derived  light  sheet  is 
superior  to  that  obtainable  from  a  single  large  core  fibre  of 
power  handling  capacity  equivalent  to  that  of  the  bundle.  A 
fibte-optic -bundle  beam  delivery  system  has  been  used  to 
obtain  PTV  measurements  on  a  premixed  propane-air  flame. 


Vertical  node  separation  =  1 .5  mm 
Horizontal  node  separation  =  1 .5  mm 

Fig.  7  Velocity  vector  map  of  the  propane  flame.  A 
velocity  of  2.5  m  s'1  has  been  subtracted  from  the  velocity 
vectors  in  the  vertical  direction. 
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ABSTRACT 

Panicle  Image  Velocimetry  (PIV)  is  used  to  measure 
the  instantaneous  velocity  field  in  laminar  and  turbulent  pre¬ 
mixed  flames  formed  at  the  exit  of  a  round  Bunsen  burner. 
The  seeding  levels  were  adjusted  to  provide  data  in  both  the 
unburned  as  well  as  burned  gases.  The  PIV  system  employs  a 
double-pulsed  laser  with  a  solid  state  sensor  as  the  recording 
device.  Customized  image  acquisition  is  used  to  quickly  pro¬ 
cess  the  data,  thus  rapidly  providing  the  velocity  field.  Two- 
dimensional,  instantaneous  velocity  fields  are  measured  in  a 
steady  laminar  flame  and  captures  the  sudden  change  in  flow 
speed  at  the  flame  sides  as  well  as  the  high  speeds  sustainable 
at  the  flame  tip.  A  wake  profile  downstream  of  the  flame 
cone  is  revealed.  Turbulent  flame  tips  show  similar  phenom¬ 
ena  occurring  instantaneously  on  convoluted  flame  shapes. 
Vonicity  and  strain  rates  are  possible  with  these  datasets  and 
are  also  reported,  with  the  strain  rate  seen  to  be  providing  a 
close  approximation  to  the  instantaneous  flame  shape. 

INTRODUCTION 

Particle  Image  Velocimetry  (PIV),  from  its  early 
beginnings  in  the  seventies  (Dudderar  &  Simpkins  1977, 
Grousson  &  Mallick  1977,  Meynart  1977)  is  now  becoming 
the  technique  of  choice  for  the  measurement  of  fluid  velocity 
in  a  planar  region  (Pickering  &  Hal li well  1984,  Adrian  1984, 
Lourenco  et  al.  1989,  Goss  et  al.  1991,  Adrian  1991,  Willert 
&  Gharib  1991,  Dong  et  al.  1992,  Molezzi  &  Dutton  1993). 
The  technique  uses  planar  laser  sheet  illumination  and  multi¬ 
ple  exposures  of  fine  particles  seeded  into  a  flow;  an  image  is 
capturwl  on  film  or  a  CCD  array  for  subsequent  analysis. 
Interrogation  of  these  images  over  small  regions  via  correla¬ 
tion  techniques  yields  the  local  velocity  averaged  over  the 
interrogation  region.  While  the  approach  has  been  mostly 
applied  to  non-reacting  flows,  there  have  been  some  attempts 
to  apply  the  technique  to  both  premixed  as  well  as  non-pre- 
mixed  flames.  Reuss  et  al.  (1989)  studied  laminar  Bunsen 
flames  while  Reuss  et  al.  (1989)  investigated  IC  engine  com¬ 
bustion.  In  both  of  these  studies,  velocities  were  reported  in 
only  the  cold  flow,  ahead  of  the  flame,  owing  to  the  reduced 
density  of  seed  in  the  post-flame  gases.  Both  studies  also 
used  film  as  the  recording  medium.  Thus,  film  development 
and  the  subsequent  processing  and  analysis  represent  a  rela¬ 
tively  long  step  in  the  conversion  to  velocity.  These 
pioneering  studies  however  do  demonstrate  that  PIV  is  a 
viable  technique  in  combustion  studies. 

Additional  studies  involving  reacting  flows  have  been 
performed  on  the  near-field  of  jet  diffusion  flames  (Post  et  al. 
1991)  and  combusting,  premixed  vortex  rings  (Driscoll  et  al. 
1993).  Both  of  these  studies  used  the  same  two-color 


approach  with  color  film  as  the  recording  medium.  A  hybrid 
vector  finding  algorithm  that  combines  elements  of  PIV  with 
that  of  particle  tracking  (see  Adrian  1991)  is  used.  The 
seeding  density  was  relatively  low,  and  as  such,  the  velocity 
field  is  obtained  at  only  discrete  particle-pair  locations  in  the 
flow  with  interpolation  used  to  fill  in  the  velocity  field. 

In  the  present  work,  we  extend  the  earlier  reacting  PIV 
studies  in  two  ways:  first,  we  use  the  technique  of  "On-line 
PIV"  (Lourenco  et  al.  1994),  whereby  the  film  camera  is 
replaced  by  a  high  resolution  CCD  array  and  customized  data 
acquisition,  thus  eliminating  the  wet  step;  this  leads  to  imme¬ 
diate  turnaround  and  analysis  of  data.  Second,  we  utilize  a 
sufficiently  high  particle  seeding  density  that  allows  velocity 
data  to  be  obtained  simultaneously  in  both  the  (cold)  pre¬ 
flame  and  (hot)  post-flame  gases.  Given  the  volume  expan¬ 
sion  associated  with  the  combustion  process,  and  the  strict 
seeding  requirements  of  PIV,  this  represents  a  challenge  to 
the  application  of  PIV  in  reacting  flows.  In  fact,  it  is  fair  to 
say  that  it  is  the  on-line  feature  of  the  present  arrangement 
that  allowed  us  to  achieve  the  proper  seeding  density,  in 
reasonable  time,  thus  allowing  good  data  in  both  the  pre-  and 
post-flame  regions  of  the  flow. 

The  work  is  described  below  in  three  stages.  First  PIV 
is  applied  to  a  cold,  non-reacting  jet  at  high  seeding  density. 
Next,  it  is  applied  to  a  laminar  Bunsen  flame  to  demonstrate 
several  features  of  the  technique  in  acquiring  velocity  data 
throughout  the  field  of  interest.  Finally,  the  technique  is 
applied  to  the  tip  region  of  a  turbulent  premixed  flame  which 
is  inherently  unsteady  owing  to  the  high  flow  speed  used.  We 
begin  by  first  describing  the  experimental  setup  and  details 
relevant  to  the  PIV  approach. 

EXPERIMENTAL  DETAILS 

Flame  Facility 

Premixed  flames  were  produced  using  the  arrangement 
shown  in  Fig.  I.  Commercial  grade  propane  is  supplied  from 
a  tank,  pressure  regulated  and  metered  using  a  standard 
rotameter.  House  air  is  similarly  metered  before  entering  a 
seeder  containing  alumina  powder  (0.3  micron  diameter) 
Multiple  feed  holes  into  the  seeder  and  use  of  steel  wool  at 
the  seeder  exit  were  used  to  produce  good  seeding  character¬ 
istics.  Both  streams  are  mixed  at  a  tee  using  an  ejector  design 
to  promote  steady  mixing.  The  gas  mixture  then  proceeds 
horizontally  to  complete  mixing  before  turning  into  a  vertical 
1.1  cm  ID  tube  of  length  46  cm.  Before  entrance  to  the  tube, 
a  honeycomb  and  two  stations  of  fine  mesh  screen  are  used  to 
remove  the  effects  of  the  turning  elbow.  For  laminar 
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conditions,  air  was  flowed  at  7160  seem  while  propane  was 
flowed  at  223  seem.  This  yields  an  average  flow  speed  of 
127  cm/s  at  the  tube  exit,  with  a  tube  Reynolds  number  of 
940.  Under  these  conditions,  the  equivalence  ratio  was  $  = 
1.35.  Yu  et  al.  (1986)  give  an  unstretched  laminar  flame 
speed  of  31.5  cm/s  for  this  condition.  The  temperature  in  the 
post-flame  gases  (Mizomoto  et  al.  1984)  would  vary  from 
1600°C  at  the  tip  to  1800°C  at  the  largest  flame  radius, 
consistent  with  a  Lewis  number  less  than  unity  for  this  gas 
mixture.  For  turbulent  conditions,  the  flow  speeds  were 
increased;  the  corresponding  conditions  were;  average  flow 
speed  =  243  cm/s,  Re  =  1800  and  $  =  1.34,  with  a  laminar 
flame  speed  of  32  cm/s. 

For  these  experiments,  we  found  that  a  small  amount 
of  vibration  applied  to  the  seeder  was  sufficient  to  generate 
the  required  seeding  densities.  The  ability  to  immediately 
view  the  data  and  process  into  velocity  allowed  us  to  quickly 
determine  an  optimal  seeding  density  which  allow  simultane¬ 
ously  valid  data  in  both  the  cold  and  hot  regions  of  the  flow; 
overseeding  led  to  invalid  data  in  the  cold  regions,  while 
underseeding  led  to  sparse  data  in  the  post-flame  regions. 
The  determination  of  proper  seeding,  which  is  crucial  to  the 
success  of  this  application  of  PIV  as  will  be  seen  later,  takes 
only  a  few  minutes  with  on-line  operation.  With  Film  opera¬ 
tion.  the  process  would  be  considerably  more  difficult  before 
optimal  and  repeatable  conditions  could  be  found.  We  found 
that  the  system  described  here  produced  sufficiently  uniform 
seed  for  good  and  repeatable  results.  Accumulation  of  larger 
seed  particles  was  observed  in  the  horizontal  portions  of  the 
flow  train;  thus  it  was  necessary  to  disassemble  and  clean  the 
system  after  every  few  hours  of  operation.  Finally,  we  found 
it  necessary  to  surround  the  flame  by  a  15  mesh  per  inch 
screen  enclosure  to  avoid  draughts  due  to  the  room  ventila¬ 
tion  and  exhaust  system. 

PIV  System 

The  PIV  system  utilized  in  this  study  is  shown  is 
described  in  Lourenco  et  al.  (1994).  It  consists  of  a  double- 
pulsed  Nd:Yag  laser  (Lumonics  Model  HY400)  as  the  light 
source  with  appropriate  sheet  forming  optics.  The  camera 
(Kodak  Videk  Megaplus)  utilizes  a  CCD  array  of  1320  x 
1035  pixels.  Each  pixel  is  6.8  x  6.8  micron  in  size  with  100% 
fill  factor.  The  imaging  lens  was  a  standard  Nikon  lens  using 
f/ll  optics  for  most  of  the  results  shown  here.  The  data 
acquisition  occurs  on  customized  A/D  boards  on  a  486-type 
PC  platform.  Customized  software  on  an  array  processor  is 
used  to  speed  up  the  data  reduction  process.  Since  there  was 
no  velocity  ambiguity  (due  to  flow  reversal)  in  these  results, 
no  image  shifting  (Adrian  1986,  Lourenco  et  al.  1986, 
Landreth  &  Adrian  1988,  Lourenco  1993)  was  used.  Since 
image  shifting  has  the  additional,  beneficial  effect  of  resolv¬ 
ing  low  velocity  regions,  the  results  shown  below  will  have 
this  limitation;  however  as  will  be  seen,  this  is  of  little  conse¬ 
quence  for  the  present  arrangement. 

The  processing  software  used  to  convert  the  data  to 
velocity  vectors  involves  subdividing  the  image  into  sub- 
regions  of  (n  x  n)  pixels.  In  each  subregion  an  autocorrela¬ 
tion  technique  is  used  to  identify  the  average  particle  dis¬ 
placement  within  the  subregion,  corresponding  to  the  local 
fluid  velocity.  The  present  system  performs  this  operation  in 
about  20  msec  for  each  velocity  vector.  For  the  results  shown 
below,  a  subregion  box  size  of  56  x  56  pixels  was  generally 
used  corresponding  to  a  physical  dimension  of  1.2  x  1.2  mm. 
This  box  size  was  determined  mostly  by  the  requirement  for  a 
minimum  of  5  particle  pairs  in  the  post-flame  gases.  White 
smaller  box  sizes  were  possible  in  the  pre-flame  gases  (owing 
to  the  higher  seed  density),  we  did  not  change  the  box  size 
there  simply  as  a  matter  of  convenience.  The  implementation 


of  the  technique  is  described  in  greater  detail  in  Lourenco  et 
al.  (1994).  where  the  accuracy  of  the  technique  is  shown  to  be 
of  the  order  of  +/-  I  to  2%  full  scale. 

RESULTS  &  DISCUSSION 

Figure  2  shows  sketches  of  the  flow  patterns  believed 
to  be  occurring  at  the  side  and  tip  of  a  laminar  flame.  For  the 
side,  the  normal  component  of  flow  velocity  is  equal  to  the 
laminar  flame  speed  and  is  increased  due  to  volume  expan¬ 
sion.  while  the  tangential  component  remains  unchanged;  this 
classical  picture  is  described  in  most  combustion  texts,  e  g. 
Lewis  &  von  Elbe  (1961).  At  the  tip  however  the  flow 
pattern  is  quite  different  as  lateral  streamtube  divergence 
occurs.  Echekki  &  Mungal  (1990)  have  shown  experimen¬ 
tally  the  flow  speed  can  l  '  up  to  an  order  of  magnitude  higher 
than  the  laminar  flame  speed  at  the  tip.  The  mechanism  for 
the  increased  flame  speed  involves  heat  convergence  and 
reactant  leakage  at  the  flame  tip.  It  is  also  shown  that 
increasing  tip  speed  requires  a  decreasing  flame  radius  of 
curvature.  Poinsot  et  al.  (1992)  have  performed  numerical 
simulations  which  confirm  the  experimental  findings  of 
Echekki  &  Mungal  (1990)  at  the  flame  tip.  These  character¬ 
istic  features  sketched  here  will  be  used  to  interpret  the  results 
to  be  presented  later. 

Cold  Row 

Cold  flow  images  of  the  non-reacting,  laminar  jet  were 
first  obtained  at  a  range  of  seeding  densities,  but  are  not 
shown  here  for  brevity.  A  high  seeding  density  is  required  so 
that  valid  data  would  be  obtained  at  "typical"  seeding  densi¬ 
ties  in  the  hot.  expanded  post-flame  gases  under  reacting  con¬ 
ditions.  It  is  also  required  that  the  cross-correlation  algorithm 
would  not  fail  in  the  cold  premixture,  thus  yielding  simulta¬ 
neously  valid  data  in  both  the  unbumed  and  burned  gases. 
We  do  note  however,  that  use  of  lower,  more  typical,  seed 
densities  produced  essentially  the  same  results  in  the  non- 
reacting  cases. 

Laminar  Flames 

Figure  3  shows  an  image  of  a  laminar  premixed 
Bunsen  flame  at  Re  =  940.  taken  with  a  pulse  width  separation 
of  60  use c.  Immediately  apparent  is  the  strong  volume 
expansion  associated  with  the  presence  of  the  flame.  The 
heavier  seeding  level  marks  the  region  of  the  flow  up  to  the 
preheat  region  of  the  flame,  before  significant  flow  turning 
occurs.  Figure  4  shows  velocity  vectors  along  select  lines  in 
the  flow;  these  vectors  were  all  computed  over  a  box  size  of 
56  x  56  pixels  (1.2  x  1.2  mm).  The  initial  velocity  profile 
shows  the  parabolic  shape  expected  for  this  Reynolds 
number.  As  we  proceed  towards  the  flame  tip,  the  lower 
velocity  portions  of  the  approach  flow  have  been  consumed 
by  the  flame  leading  to  a  considerably  more  top-hat  velocity 
profile.  Corroborating  evidence  for  this  can  be  seen  by 
carefully  examining  the  results  of  Reuss  et  al.  (1989).  where 
data  for  the  cold  regions  of  a  Bunsen  flame  at  similar 
conditions  are  presented.  The  post  flame  gases  show  the 
profound  effects  of  the  expansion  associated  with  heat 
release,  with  velocity  magnitudes  easily  exceeding  the  maxi¬ 
mum  incoming  speeds. 

The  velocity  vectors  at  the  sides  of  the  flame  show  the 
strong  turning  associated  with  conservation  of  the  tangential 
component  and  increase  of  the  normal  component  consistent 
with  the  volume  expansion.  Fig.  2(a).  As  noted  by  several 
authors  (see  for  example.  Law  1988),  the  normal  component 
of  velocity  at  the  flame  side  for  this  round  configuration  is 
not  the  laminar  flame  speed  as  the  flame  is  negatively 
stretched;  thus  the  flame  angle  must  adjust  to  both  the 
changes  in  the  incoming  velocity  profile  as  well  as  the  effects 
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of  stretch.  The  expansion  effect  of  the  flow  is  seen  to  be 
essentially  similar  along  the  sides,  until  the  tip  region  of  the 
flame  where  streamtube  expansion  becomes  the  dominant 
effect,  Fig.  2(b).  The  profile  furthest  past  the  flame  tip  shows 
that  the  post-flame  gases  evolves  into  a  slight  wake-like  pro¬ 
file  with  a  velocity  minimum  on  the  flame  centerline,  even 
though  the  incoming  profile  is  jet-like  with  a  central  maxi¬ 
mum.  This  post-flame  wake  was  observed  for  all  laminar 
flames  which  we  examined  at  similar  conditions,  and  must  be 
characteristic  of  the  overall  flame  evolution.  Poinsot  et  al. 
(1992)  show  that  a  low  pressure  region  exists  immediately 
downstream  of  the  flame  tip  and  serves  to  curve  the  post¬ 
flame  gases  back  towards  the  centerline.  Such  a  pressure 
distribution  is  consistent  with  the  formation  of  a  wake-like 
region  downstream.  Poinsot  (private  communication)  has 
noted  that  the  two-dimensional  flame  computation  described 
in  Poinsot  et  al.  (1992)  also  shows  a  moderate  wake  profile  in 
the  post  flame  gases:  since  buoyancy  is  not  included  in  the 
computation  we  can  conclude  that  the  phenomena  reported 
here  are  therefore  associated  with  the  nature  of  premixed 
combustion  and  not  with  buoyancy  effects  per  se.  To  our 
knowledge,  the  far  wake  has  not  been  shown  before 
experimentally. 

The  centerline  velocity  for  this  flow  has  been  com¬ 
pared  to  the  corresponding  non-reacting  case.  The  cold  flow 
shows  an  essentially  non-decaying  value  consistent  with  a 
potential  core.  The  flame  on  the  other  hand  shows  an 
increase  of  15%  in  the  tip  vicinity  with  a  subsequent  decay  to 
about  75%  past  the  flame  lip.  Comparable  results  have  been 
found  by  Echekki  &  Mungal  (1990)  who  used  particle  track¬ 
ing  in  a  two-dimensional  Bunsen  flame  and  by  Poinsot  et  al. 
(1992)  in  a  two-dimensional  compulation.  Somewhat  differ¬ 
ent  results  have  been  reported  by  Wagner  &  Ferguson  (1985), 
who  performed  LDV  measurements  in  a  round  bunsen  flame; 
they  report  a  gradual  decay  in  the  potential  region,  followed 
by  the  sudden  rise  and  subsequent  decay  at  the  tip.  Wagner 
&  Ferguson  conclude  that  the  presence  of  the  flame  affects 
the  entire  flowfield.  while  the  present  results  suggest  that  the 
region  of  influence  extends  only  to  the  preheat  zone.  The 
main  difference  between  the  two  experiments  lie  in  the 
measurement  techniques:  LDV  for  Wagner  &  Ferguson.  PfV 
for  the  present  studies.  It  is  unclear  at  present  why  the  results 
are  not  in  closer  agreement. 

Several  PIV  images  of  laminar  flames  were  acquired. 
By  adjustment  of  the  exposure  of  the  camera  system  it  was 
possible  to  capture  both  the  PIV  image  as  well  as  the  feint 
image  of  the  blue  flame,  just  visible  outside  of  the  heavier 
seeding  core.  The  distance  between  the  heavier  seeding  and 
the  flame  image  is  indicative  of  the  preheat  zone  thickness. 
This  zone  is  measured  to  be  relatively  constant  at  the  flame 
sides  and  equal  to  0.3  mm,  but  of  much  larger  extent  at  the 
flame  tip,  1 .4  mm.  where  the  merging  of  the  zones  leads  to 
velocity  changes  well  before  the  visible  flame.  Similar 
results  are  found  in  the  results  of  Echekki  &  Mungal  (1990) 
and  the  numerical  results  of  Poinsot  et  al.  (1992)  where  the 
effects  of  heat  focussing  on  the  central  streamtube  is  dis¬ 
cussed,  leading  to  a  much  larger  preheat  zone  and  diffusion  of 
reactants  at  the  flame  tip.  These  observations  suggest  that  the 
heavier  seeding  density  regions  must  be  regarded  with  some 
caution  as  they  mark  the  boundary  of  the  preheat  zone  and 
not  the  location  of  maximum  reaction  rate  (the  blue  flame). 
Further  caution  is  required  in  the  highly  curved,  concave  por¬ 
tions  of  the  flame  (e.g  the  tip)  where  the  dense  seeding  would 
not  be  a  good  approximation  to  the  local  flame  radius  of  cur¬ 
vature. 

The  velocity  field  on  a  grid  of  60  x  40  points  is  shown 
in  Fig.  5  using  a  56  x  56  (1.2  x  1.2  mm)  box.  The  purpose 
here  is  to  illustrate  the  type  of  data  possible  with  the  On-line 
PIV  system  at  the  seeding  levels  used.  These  data  have  been 


interpolated  and  used  to  extract  the  vorticity  and  strain  fields 
seen  in  Figs.  6-8.  The  vorticity  is  defined  as  0)7  =  dv/dx  - 
du/dy  with  the  strain  rale  defined  as  Sxx  =  du/dx,  Syy  = 
dv/dy,  SXy  =  (du/dy  +  dv/dx)/2.  The  strain  rates  are  seen  to 
be  highest  at  the  flame  surface  and  preheat  zone,  and  indeed 
serve  as  a  good  marker  of  the  flame  location.  SXy  is  seen  to 
be  the  best  marker  of  the  flame  location  among  the  three 
strain  rates  shown.  Poinsot  (private  communication)  has 
noted  that  the  dilatation  V  u  =  du/dx  +  dv/dy  should  be  the 
best  marker  of  the  flame  zone,  as  it  is  directly  related  to  the 
change  in  density;  however  the  plots  show  that  SXy  is  an 
equally  good  indicator.  This  finding  is  somewhat  different 
from  the  results  of  Driscoll  et  al.  (1993)  for  a  combusting 
vortex  ring  where  the  correspondence  between  the  flame 
position  and  strain  is  not  as  close.  We  do  however  note  that 
the  seeding  and  hence  data  density  of  Driscoll  et  al.  is  rela¬ 
tively  light  compared  to  the  present  studies,  so  that  the 
required  interpolation  tends  to  smooth  the  original  data  which 
may  lead  to  more  diffuse  strain  rate  contours 

The  vorticity.  Fig.  6  shows  some  interesting  results. 
The  positive  and  negative  vorticity  associated  with  the  post- 
flame  wake  are  revealed,  as  is  the  vorticity  associated  with 
the  incoming  flow.  Of  most  interest  however  is  the 
accumulation  of  vorticity  in  the  region  just  past  the  flame  tip. 
Poinsot  (private  communication)  notes  that  a  similar  accu¬ 
mulation  is  also  found  in  the  numerical  simulations 
(associated  with  the  local  low  pressure  region  just  past  the 
tip),  thus  lending  credence  to  the  present  findings.  A  limita¬ 
tion  of  the  present  approach  is  also  revealed  in  the  vorticity 
and,  to  a  lesser  extent,  the  strain  plots.  Namely,  the  interro¬ 
gation  box  is  larger  than  the  preheat  zone  and  sometimes 
overlaps  the  flame  zone  at  an  inclined  angle.  The  velocity 
field  is  thus  averaged  within  the  box  leading  effectively  to  a 
resolution  error  which  is  reflected  in  the  vorticity  and  strain 
field.  We  do  not  believe  that  the  small-scale  variations  at  the 
flame  sides  are  real;  however  it  would  require  an  adjustable 
box  size  and  orientation  to  overcome  this  problem  in  future. 

Turbulent  Flames 

To  illustrate  the  further  capability  of  PIV  in  the  study 
of  transient  flame  phenomena,  some  images  of  turbulent 
flames  were  acquired.  For  the  examples  reported  here,  the 
flow  speed  was  increased  to  the  point  where  the  flame  tip  was 
oscillatory,  and  the  flame  was  on  the  verge  of  blowout  with 
ary  further  increase  in  speed.  This  corresponded  to  a  mean 
flow  speed  of  243  cm/s  at  $  =  1 .34.  In  this  case  the  sides  of 
the  flame  adjusted  their  angle  to  the  incoming  flow.  Fig.  2(a). 
resulting  in  a  lip  now  located  about  2.5  cm  above  the  burner 
lip;  this  region  was  imaged  by  translating  the  burner  relative 
to  the  optical  setup.  One  example  of  a  turbulent  tip  is  shown 
in  Fig.  9;  a  760  x  640  pixel  (17.3  x  14.6  mm)  region  is  high¬ 
lighted  for  later  use  in  extracting  the  velocity.  Figure  10 
shows  the  corresponding  set  of  40  x  30  velocity  vectors 
which  were  extracted  on  a  regular  grid  using  a  56  x  56  pixel 
(1.2  x  1.2  mm)  box.  This  image  (and  others  not  shown) 
suggest  that  similar  phenomena  are  occurring  instantaneously 
on  the  turbulent  tips  as  was  seen  in  the  steady,  laminar  flame 
tips.  For  example,  the  sudden  change  in  velocity  is  seen  on 
the  flame  sides,  while  the  tip  allows  a  considerably  higher 
velocity  associated  with  the  volume  expansion  phenomenon, 
the  mechanism  of  a  reduced  radius  of  curvature  (Echekki  & 
Mungal.  1 992)  leading  to  higher  tip  speeds  appears  to  be  at 
work  in  the  turbulent  tip.  We  do  note  that  since  the  turbulent 
tip  is  highly  unsteady,  the  velocity  may  appear  to  penetrate 
planar  portions  of  the  flame  at  speeds  exceeding  the  laminar 
flame  speed;  however  this  is  not  the  case  as  the  velocity  of 
the  flame  itself  is  not  known.  The  strain  rate.  Fig  10,  again 
shows  good  correspondence  with  the  instantaneous  flame 
shape. 
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CONCLUSIONS 

This  work  has  demonstrated  the  applicability  of  On¬ 
line  PIV  to  the  study  of  laminar  and  turbulent  premixed 
flames.  The  technique,  with  judicious  seeding,  is  able  to 
reveal  several  details  about  the  flow  into  and  out  of  premixed 
flames.  The  present  results  agree  with  previous  studies  which 
performed  measurements  at  the  flame  side  and  tip  using  par¬ 
ticle  tracking  and  continue  to  show  the  high  speeds  sustain¬ 
able  at  the  flame  tip.  Our  results  show  that  the  potential  core 
is  largely  unaffected  by  the  presence  of  the  flame  while  the 
region  of  influence  is  primarily  the  preheat  zone;  this  obser¬ 
vation  is  different  from  LDV  measurements  on  a  similar 
burner.  New  findings  are:  the  velocity  profile  becomes  wake¬ 
like  past  the  flame  tip,  a  vorticity  concentration  occurs  just 
past  the  flame  tip  and  that  the  strain  and  dilatation  serve  as 
good  flame  zone  markers;  these  results  have  now  been 
observed  in  numerical  simulations.  The  present  measure¬ 
ments  can  be  near  instantaneous,  occurring  within  a  few  tens 
of  microseconds.  The  technique  reveals  planar  velocity 
measurements  as  well  as  quantitative  information  on  the 
location  of  the  flame  surface  through  the  change  in  seeding 
density.  The  vorticity  and  strain  are  determined  to  within  the 
accuracy  of  the  measurement  subregion,  in  principle,  we  see 
no  reason  why  this  approach  cannot  be  used  in  non-premixed 
flames  with  equal  success;  our  own  preliminary  efforts  have 
already  led  to  promising  results. 
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Fig.  3.  PIV  image  of  steady  Bunsen  flame.  Re  =  940. 


Fig.  4.  Velocity  vectors  at  select  locations  of  Fig, 
illustrating  flow  development. 


Fig.  6.  Vorticity  computed  from  Fig.  5. 


Fig.  5.  Velocity  vectors  on  60  x  40  grid  for  steady  Bunsen 
flame.  Re  =  940. 


Fig.  8.  Strain  rate.  Sxy  (left),  and  dilatation  (right)  computed  from  Fig.  5. 


Fig.  9.  PIV  image  of  turbulent  flame  lip.  Re  =  1800. 
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Abstract 

Premixed  flame  propagation  has  been  studied  in  a 
simulated  engine.  A  premixed  flame  is  ignited  in  a  constant 
volume  chamber  with  different  characteristics  of  turbulence. 
High  speed  laser  tomography  is  used  to  visualize  the  flame 
propagation.  To  extract  quantitative  informations  from  laser 
tomography  records  (flame  front  location),  a  high  resolution 
film  acquisition  device  has  been  employed.  In  addition,  cross- 
correlation  Particle  Image  Velocimeiry  (PIV)  technique  has 
been  developed  to  perform  velocity  field  in  fresh  gases  from 
two  successive  tomography  images.  Next  an  adaptative  grid 
constructed  from  the  flame  front  coordinate  has  allowed  to 
obtain  a  local  burning  velocity. 

1.  Introduction 

In  engine  cylinders,  the  turbulence  is  highly  unsteady 
and  the  life  lime  of  the  propagation  is  only  of  few 
milliseconds.  In  an  aerodynamical  point  of  view,  the  flame 
propagation  is  different  at  each  cycle  of  combustion.  These 
cycle  to  cycle  variations  are  principally  introduced  by  large 
eddies  which  are  different  from  one  cycle  to  another.  Thus  to 
define  the  characteristics  of  the  turbulence.  Hall,  and  Bracco 
(1986)  had  shown  that  cycle-resolved  studies  are  necessary  in 
order  to  dissociated  the  cycle  to  cycle  velocity  fluctuations 
from  fluctuations  found  in  each  individual  cycle.  Actually,  a 
large  number  of  studies  have  been  realized  with  one  point 
lime  resolved  velocity  measurement  (LDV).  In  order  to 
contribute  to  increase  of  knowledge  of  interactions  between 
the  turbulence  and  the  combustion,  two  or  three  dimensional 
time  resolved  diagnostics  are  necessary. 

Up  to  now.  the  laser  tomography  has  been  extensively 
developed  for  many  combustion  studies.  It  allows  to  visualize 
and  characterize  the  reaction  zone  thanks  to  different 
parameters  such  the  fractal  dimension  or  the  local  curvature. 
These  parameters  affords  informations  on  influence  of  the 
turbulence  on  the  combustion  but  any  on  the  influence  of  the 
flame  propagation  on  the  turbulence.  Nowadays,  the  Particle 
Image  Velocimetry  is  in  full  expansion.  This  technics 
permits  to  obtain  a  quantitative  flow  mapping  and  it  used  the 
same  principle  of  seeding  that  the  flow  visualizations.  The 
combination  of  the  PIV  method  and  the  laser  tomography 
seems  really  suited  to  to  study  the  interactions  between  the 
combustion  and  the  turbulence. 

The  PIV  method  is  based  on  two  investigation  methods. 
When  the  successive  flow  exposures  are  stored  on  the  same 
physical  support,  the  auto  correlation  is  performed.  The 
second  approach  consists  in  recording  successive  and 


separated  images  of  the  flow,  and  applying  cross-correlation 
to  them.  An  advantage  of  the  cross-correlation  PIV  method  is 
its  capability  to  determine  a  velocity  field  from  a  large  range 
of  seeding  concentration  and  thus  it  can  be  directly  used  from 
laser  tomography  records 

Our  objective  is  to  developed  high  speed  tomography 
with  a  copper  vapor  laser.  With  this  technic,  the  evolution  of 
flame  front  parameters  such  as  flame  surface,  fractal  length 
and  radii  of  curvature,  can  be  studied.  In  addition  cross- 
correlation  PIV  method  can  be  used  from  two  successive  laser 
tomography  records  to  measure  detailed  velocity  vectors  in 
the  neighborhood  of  the  flame  front.  Next  an  adaptative  grid 
is  realized  to  measure  the  local  burning  velocity.  These 
simultaneous  measurements  of  the  flame  front  location  and 
fresh  gases  velocity  field  close  to  the  reaction  zone  permit  to 
increase  the  knowledge  on  the  process  of  interactions 
between  the  reaction  zone  and  the  turbulence. 

2.  Experimental  facilities  and  High  speed  tomography. 

A  schematic  diagram  of  experimental  setup  is  shown  on 
the  figure  1.  The  combustion  device  presented  by  Floch  et 
a.(1989)  is  composed  of  two  main  parts  :  a  combustion 
chamber  of  60  x  60  mm  square  cross  section  and  100  mm 
length,  and  an  axisymmetrical.  pneumatic  driven,  single  shot 
piston  mounted  in  a  cylinder.  Both  parts  are  connected  by 
means  of  interchangeable  perfored  blocks.  Initial  turbulence 
is  generated  in  the  combustion  chamber  by  interaction  of  the 
jets  due  to  the  piston  movement  towards  its  top  dead  center. 
Energy  and  scales  of  turbulence  can  be  modified  by  varying 
number  and  diameter  of  holes  in  the  interchangeable 
turbulence  generator,  by  adjusting  the  piston  velocity  or  by 
igniting  the  mixture  at  different  lime  after  the  piston  arrival. 

The  chamber  is  initially  filled  by  a  propane-air 
mixture.  The  piston  is  then  activated  and  locked  on  the  inlet 
surface  of  the  flow  generator  by  means  of  an  electronically 
controlled  two  stages  compressed  air  supply  on  its  rear  face. 
The  compression  occurs  in  90  ms  and  produce  a  compression 
ratio  of  2.54.  Optical  access  are  provided  by  three  rectangular 
quartz  windows.  A  detailed  view  of  the  combustion  chamber  is 
shown  in  figure  1.  The  axis  of  the  piston  is  monitored  by  an 
electronical  sequencer.  The  output  of  which  provided  variable 
trigger  pulses  to  control  the  timing  of  the  ignition,  cameras 
and  laser  pulses.  The  reproducibility  of  the  piston  motion  is 
analyzed  in  real  time  by  means  of  an  opto -electronic  position 
transducer  installed  on  the  piston  rod. 

Up  to  now.  the  reactant  is  seeded  with  silicone  oil 
droplets  generated  by  a  blast  atomizer.  These  particles  are 
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evaporated  at  the  flame  front.  Thus,  oil  droplets  enable 
velocity  measurements  by  LDV  or  PIV  method  only  in  the 
reactant  mixture  and  they  allow  to  obtain  the  location  of 
instantaneous  flame  front.  Refractory  particles  (ex  : 
zirconium  dioxide  particles)  can  be  used  to  simultaneous 
measurements  of  velocity  in  both  reactant  and  product  flow. 
With  these  particles  mixed  with  oil  droplets  Armstrong  et  a. 
(1992)  had  shown  that  flame  location  can  be  indicated  by  the 
differing  densities  between  reactant  and  product  gaseous 
mixture.  The  mixture  is  spark  ignited  and  can  take  place  at 
two  locations  in  the  chamber.  The  spark  can  occur  either  at 
the  center  of  the  chamber  using  thin  tantalum  wire  electrodes 
(d  =  0.3  mm)  or  at  the  center  of  the  chamber  wall  opposite  to 
turbulence  generator  to  simulate  a  wall  ignition. 

In  our  study,  the  laser  tomography  (LST)  is  used.  This 
method  is  based  on  the  visualization  of  a  flow  by 
illuminating  micronic  seeding  particles  within  the  flow  with 
a  laser  sheet.  For  the  most  part  in  combustion  studies,  silicon 
oil  droplets  which  evaporate  at  the  flame  are  used.  Thus,  the 
instantaneous  flame  is  differentiate  on  the  LST  records  by  the 
boundary  between  light  (cold  reactant)  and  dark  (hot  product) 
regions.  To  illuminate  the  flowfield  an  Oxford  copper  vapor 
laser  (45  Watts)  is  used.  It  delivers  6.5  mJ  per  pulse  with  100 
ns  pulse  width  at  adjustable  repetition  rates  up  to  10000  Hz. 
The  laser  can  also  operated  in  the  burst  mode  down  to  single 
pulse  operation.  The  laser  beam  is  focused  with  spherical  and 
cylindrical  lenses  and  directed  to  produce  a  0.6  mm  thick  laser 
light  sheet  across  the  mid  plane  of  the  combustion  chamber. 


To  obtain  a  time  following  of  the  flame  propagation, 
high  speed  Cordin  camera  model  351,  able  to  lake  up  to 
35000  frames  per  second  has  been  used.  The  film  used  to 
record  the  LST  is  Ilford  HP5  Plus  (400  ASA).  This  device 
associated  with  the  copper  vapor  laser  allows  cycle  resolved 
studies  presented  by  Hall  and  Bracco  (1986).  A  typical 
photographic  record  of  a  propagating  flame  is  shown  on  the 
figure  2. 

To  extract  quantitative  informations  of  photographic 
records,  a  high  resolution  film  acquisition  device  has  been 
used.  A  film  scanner  Kodak  RFS  2035  connect  with 
Macintosh  computer  (Quadra  950)  digitizes  each  film  picture. 
Its  area  array  sensor  provides  six  millions  pixels  per  scan. 
Each  frames  (24mm*36mm  formal)  is  digitized  in  a 
3072*2048  pixels  either  24  bit  (16  millions  of  colors)  or  8 
bit  (256  grey  scales).  This  device  is  able  to  conserve  the  high 
photographic  film  resolution  and  thus  provides  a  powerful 
digitization  film  process  to  perform  cross-correlation  PIV 
algorithm  from  two  successive  images 

The  instantaneous  flame  sheet  on  the  tomography 
record  is  shown  to  be  the  boundary  between  burned  and 
unbumed  regions  (Figure  2).  In  order  to  separate  the  two 
regions,  a  threshold  algorithm  is  applied. 

The  LST  pictures  have  a  very  good  contrast  between  the 
burned  and  unbumed  regions.  By  using  a  simple  thresholding 
procedure  each  picture  is  reduced  to  a  bipolar  image 
containing  dark  and  bright  areas  representing  burned  and 


Figure  1  -  Schematic  of  experimental  setup 
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unhurried  states  respectively.  The  burned  gas  "area'  on  the 
record  is  computed  automatically  by  summing  the  number  of 
pixels  that  have  intensity  values  above  a  chosen  threshold. 
This  area  is  used  to  define  an  equivalent  flame  radius  which 
can  be  linked  to  the  mass  fraction  of  burned  gases. 

The  flame  front  coordinates  are  detected  by  simple 
intensity  thresholding  followed  by  an  edge  detection 
algorithm.  An  example  of  flame  fronts  for  both  laminar  and 
turbulent  flame  are  shown  in  figure  3.  Next,  each  two 
dimensional  flame  contour  is  analyzed  to  characterize  the 
influence  of  the  turbulence  on  the  shape  of  the  reaction  zone. 
All  the  treatments,  such  as  fractal  analyze,  local  radius  of 
curvature  or  mean  flame  radius,  used  to  characterize  the  flame 
front  are  presented  by  Mouqallid  et  a.  (1994).  The  efficiency 
of  the  high  speed  tomography  is  the  possibility  to  have  a 
time  evolution  of  all  the  flame  front  properties. 

The  purpose  of  this  paper  is  not  to  describe  the  flame 
properties  but  it  is  to  show  the  capability  of  the  high  speed 
tomography  to  simultaneously  obtain  the  flame  front 
location  and  the  fresh  gas  velocity.  The  flame  front 
properties  will  be  exposed  in  other  paper 

3.  Cross-correlation  P1V  method. 


Up  to  now.  the  cross  correlation  P1V  method  has  not 
been  extensively  developed.  The  lack  of  separate  images  in 
experimental  research  and  the  experimental  difficulty  to 
obtain  two  separate  images  in  high  speed  flows  has  limited 
this  technic  to  studies  of  relatively  slow  flows  (ex  :  water 
flows).  Nowadays,  some  acquisition  devices  permit  to 
acquired  two  or  more  successive  images  with  very  short  time 
delay  and  in  the  future,  they  will  become  more  and  more 
democratic.  As  an  example,  an  original  storage  method  on 
two  half  frames  of  a  CCD  camera  has  been  developed  by 
Lecordier  et  a.(  1 994).  The  lime  delay  between  the  two  flow 
exposures  can  be  decrease  to  10  (is  and  thus  permits  to  study 
high  speed  flow. 

The  use  of  the  cross-correlation  PIV  algorithm  affords 
significant  advantages  in  comparison  with  auto-correlation. 
A  presentation  of  these  two  methods  has  been  realized  by 
Gray  (1992)  and  a  comparison  has  been  made  by  Keane  and 
Adrian(l 993)  .  The  most  significant  advantage  of  the  cross¬ 
correlation  is  the  measurement  of  a  large  range  of  velocities 
on  the  same  flow  which  automatically  includes  zero  and 
reverse  velocities  without  have  recourse  to  an  external  "image 
shifter",  "image  labelling"  or  other.  In  addition  Rouland  et  a. 
(1994)  has  shown  that  the  cross-correlation  can  be  used  from 
high  density  of  seeding  particle  whereas  the  auto-correlation 
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Figure  2  ■  Example  of  laser  tomography  records. 
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a)  Laminar  flame  Al=0.5  ms,  u'=0  m/s,  <p=l  b)  T urbulent  flame  At=0.25  ms,  u'=  1  m/s,  <t>=l .  1 

Figure  3  -  Time  evolution  of  laminar  and  turbulent  flame  fronts 


with  the  same  concentration  of  seeding  is  not  applicable. 
Thus  for  a  same  seeding  concentration  and  the  same  spatial 
resolution  of  acquisition  device,  the  cross -correlation 
provides  a  larger  investigation  area  than  the  auto-correlation. 

Actually  the  determination  of  the  velocity  field  is 
principally  realized  from  numeric  correlations,  using  Fast 
Fourier  Transform.  This  choose  is  due  to  important 
developments  of  computers  which  now  compute  a  velocity 
field  in  a  reasonable  time.  In  few  cases,  the  treatment  can  be 
considered  as  a  pseudo  real-time  processing.  The  massive  use 
of  numeric  pictures  (High  resolution  film  scanner,  frame 
grabber,  numeric  video...)  and  the  convenience  of  “on-line” 
capture  of  PIV  images  associated  to  pseudo  real-time 
processing  have  also  contributed  to  full  expansion  of  numeric 
treatments.  But  initially,  an  optical  treatment  of 
photographic  images  was  the  one  mean  to  resolve  the  spatial 
scales  of  flows.  Now,  the  difference  between  optical  and 
numeric  treatments  is  less  important,  thanks  to  the  increase 
of  the  spatial  resolution  of  numeric  acquisition  devices.  In 
addition,  numeric  methods  presented  by  Willert  and  Gharib 
(1991)  to  measure  the  particle  displacement  to  sub-pixel 
accuracy  permit  to  increase  the  range  of  velocity  determined 
from  numeric  correlations. 

4.  Necessity  of  short  particles  displacements  to  study  the 
turbulent  flows. 

The  most  important  problem  to  study  turbulent  flows  is 
the  3  dimensional  effects  which  introduce  out-off  pattern 
motions  and  thus  decrease  the  correlation  between  the  two 
particle  images.  To  reduce  these  3D  effects  of  flows,  the 
maximum  particle  displacement  should  not  be  greater  than  the 
thickness  of  the  laser  sheet.  Thus,  experimentally  it  is 
necessary  to  store  the  successive  flow  exposures  with  very 
short  time  delay  and  work  on  low  displacements.  In  addition, 
to  have  a  good  correlation,  the  maximum  of  particle 
displacement  should  be  included  in  ±N/4  pixels  on  the 
acquisition  device,  where  N  is  the  size  of  the  correlation 
window. 

One  of  advantages  of  the  cross-correlation  PIV  method 
is  the  possibility  to  obtain  very  low  particle  displacement 
including  zero  displacement.  This  is  due  to  the  absence  of  the 
central  peak.  The  effect  on  the  very  low  displacement  of  the 
self-conelation  peak  for  the  auto  correlation  treatment  is 


shown  by  Rouland  et  a.(1994).  The  self-correlation  peak 
introduce  a  dead  zone  of  around  five  square  pixels  which 
doesn't  permit  to  measure  particle  displacement  lower  than 
around  five  pixels.  Thus,  the  cross-correlation  PIV  method  is 
more  appropriate  to  study  low  displacement  and  therefore  the 
studies  of  turbulent  flows. 

Nevertheless,  when  the  correlation  is  numeric,  the 
decreasing  of  the  maximum  panicle  displacement  reduce  the 
range  of  velocity  components  (u.v)  and  it  produces 
discretization  effects  on  the  velocity  field.  The  figure  4-a 
shows  an  experimental  velocity  field  with  velocities  included 
between  ±2  pixels.  The  discrete  values  of  velocity 
components  are  significant  and  the  velocity  field  is  not 
clearly  resolved.  The  areas  without  vector  represent  a  zero 
particle  displacement.  The  cross -correlation  treatment  of  the 
two  panicle  images  is  realized  with  window  size  of  64  pixels. 
The  figure  4-b  presents  the  same  velocity  field  computed  with 
an  interpolation  of  the  correlation  peak  to  obtain  the  particle 
displacement  with  a  sub-pixel  accuracy.  A  two  dimensional 
gaussian  curve  is  used  to  interpolate  the  correlation  peak. 
This  velocity  field  is  shown  without  smooth  or  extraction  of 
spurious  vectors.  In  this  case,  the  velocity  range  included 
between  ±2  pixels  is  resolved  and  the  discretization  effect  on 
the  velocity  components  are  not  observable.  In  addition,  we 
can  notice  that  the  sub-pixel  method  doesn't  introduce  a 
modification  of  velocity  field  in  its  whole  as  the  smooth  but 
increase  the  accuracy  of  each  individual  vector. 

To  conclude  this  part,  we  can  say  that  the  cross¬ 
correlation  PIV  method  affords  significant  advantages  to 
study  turbulent  flows  thanks  to  the  possibility  to  determined 
low  particles  displacement.  Afterwards,  all  the  velocity  field 
presented  will  be  obtained  by  cross-correlation  algorithm  of 
two  successive  tomography  visualizations  and  the  particle 
displacement  will  be  determined  with  sub-pixel  accuracy. 

5.  Application  of  cross-correlation  PIV 

The  first  case  studied  is  a  laminar  premixed  flame 
propagation  in  a  propane-air  mixture  with  an  equivalent  ratio 
equal  to  unity.  The  initial  turbulence  in  the  chamber  is  weak  ( 
a  0.1  m/s)  and  the  mixture  is  seeded  with  fine  oil  droplets. 
The  laser  tomography  images  are  recorded  with  a  high  speed 
camera.  The  repetitive  rate  of  frames  recording  is  6250  hz 
(laser  frequency)  and  thus  the  time  between  two  successive 


Figure  4-a  without  sub-pixel  Figure  4-b  :  with  sub-pixel  interpolation 

Figure  4  -  Two  same  velocity  field  computed  with  and  without  sub-pixel  interpolation 


acquisitions  is  160  ps.  To  computed  the  velocity  field  and  the 
flame  front  location,  a  part  of  each  flame  picture  is  digitized 
in  a  1440*1740  pixels  and  analyzed  on  a  workstation  (SUN). 

The  figure  2  illustrates  the  type  of  images  which  can  be 
recorded  from  the  fiowfield  within  the  combustion  chamber 
during  one  cycle  of  combustion.  The  zero  time  reference 
corresponds  to  the  spark.  On  these  pictures,  the  flame  front 
exhibits  weak  wrinkled  patterns  principally  introduce  after 
the  spark  in  the  early  stage  of  the  flame.  After  the  flame  front 
structures  stay  similar.  The  Time  evolution  of  this  flame  and 
its  velocity  field  are  shown  in  the  figure  5.  The  velocity  field, 
as  for  it,  is  computed  with  a  cross-correlation  PIV  method  and 
each  vector  is  obtained  with  the  sub-pixel  accuracy.  The 
window  size  of  treatment  is  64*64  pixels.  The  figure  5  serves 
to  illustrate  the  efficiency  of  the  cross-correlation  PIV 
method  used  to  determined  the  velocity  field.  The  time 
evolution  as  well  as  the  spatial  distribution  of  the  velocity 
vectors  are  simultaneous  obtained.  All  the  results  are 
represented  without  smooth  or  extraction  of  invalid  data. 
Only  a  validation  criterion  is  used  during  velocity 
computation.  It  consists  in  locating  the  highest  peak  in  the 
correlation  window,  in  assuming  this  peak  corresponds  to  the 
correlation  peak,  compares  it  to  the  second  tallest  peak 
(maximum  noise  of  correlation).  If  the  ratio  of  the  tallest 
peak  to  the  second  tallest  peak  is  less  than  1.0S,  the  velocity 
vector  computed  is  not  retained.  In  the  figure  S.  we  can 
noticed  that  this  validation  criterion  only  affects  a  small 
number  of  vectors.  Added  to  that,  the  majority  of  velocity 
vectors  are  determined  with  a  signal/noise  ratio  higher  than 
1.2. 

The  second  study  is  a  case  of  premixed  flame 
propagation  in  the  combustion  chamber  with  a  larger 
turbulence  intensity  than  the  previous  case.  The  equivalent 
ratio  is  equal  to  unity  and  the  velocity  fluctuations  arc  of  order 
of  0.5  m/s.  Contrary  to  the  previous  case,  all  the  flame 
pictures  are  not  exposed  in  this  paper  (Figure  2-b)  but  the 
principle  of  recording  and  treatment  to  obtain  the  time 


evolution  of  the  velocity  field  and  the  flame  front  location  is 
similar. 

In  the  framework  of  our  study,  it  seems  that  the 
turbulent  velocity  Held  is  well  resolved  in  spite  of  a  large 
window  of  analyze  (64*64  pixels  *  1.8  mm*  1.8  mm).  To 
illustrate  our  point  of  view,  the  figure  6  shows  two  turbulent 
velocity  fields  corresponding  to  flame  pictures  exposed  figure 
2-b.  The  treatment  is  realized  with  64*64  window  size.  The 
velocity  field  seems  well  resolved.  Nevertheless,  an  treatment 
with  32*32  window  size  will  be  better  to  appreciate  the 
strong  velocity  gradients.  The  limitation  of  32*32  treatment 
is  the  decreasing  of  the  noise/signal  ratio  when  the  velocity 
is  large.  To  solve  this  limitation,  the  velocity  field  can  be 
computed  with  64*64  window  size  to  estimate  the  first 
velocity  field  without  determinate  the  strong  velocity 
gradients.  Next,  the  velocity  field  is  compute  a  second  time 
with  32*32  pixel  windows.  But  to  increase  the  correlation, 
the  two  windows,  corresponding  to  the  first  and  the  second 
exposure,  are  spatially  shifted  of  velocity  vector  previously 
obtained  (64*64  pixels). 

To  conclude  this  part.we  want  focus  your  attention  on 
the  capability  of  the  cross-correlation  PIV  method  to  obtain  a 
velocity  field  with  high  particle  concentration  and  thus  it 
allows  to  simultaneous  measure  the  flame  front  location  and 
the  fresh  gas  velocity.  Nevertheless,  the  figures  5  and  6 
indicates  that  the  fresh  gases  velocity  near  to  the  flame  front 
are  not  measured.  This  problem  is  due  to  the  large  difference 
of  intensity  between  the  reactant  and  product  which  is  a 
disruptive  factor  for  the  correlation.  To  remedy  to  this 
problem,  we  present  a  new  approach  of  the  PIV  based  on  an 
adaptalivc  grid 

6.  Principle  of  an  adaptativc  grid. 

All  the  velocity  field  previously  presented  (  Figure  5 
and  6)  had  been  computed  from  a  regular  mesh  (Figure  7).  This 
technic  arc  not  suited  to  resolve  the  velocity  field  close  to  the 


Figure  4  -  Simultaneous  measurements  of  flame  front  location  and  fresh  gas  velocity 


reaction  zone.  Up  to  now,  the  seeding  particles  are  burned  in 
the  reaction  zone  and  thus  the  flame  pictures  exhibit  an 
important  difference  of  intensity  between  the  burned  and 
unbumed  regions.  When  a  window  of  analyze  contains  this 
threshold,  the  correlation  is  disrupted  and  thus  the  velocity 
vector  can  not  be  retained.  This  problem  explains  why  on  the 
all  velocity  Fields  previously  presented,  the  instantaneous 
velocity  near  to  the  reaction  zone  are  not  determined.  In  these 
conditions,  it  seems  difficult  to  characterize  the  interaction 
between  the  combustion  and  the  velocity  Field. 


Figure  7  •  Principle  of  regular  mesh. 

To  resolve  the  velocity  Field  close  to  the  flame  front,  we 
have  used  an  adaptative  grid  constructed  with  the  directions 
perpendicular  to  the  flame  front.  Figure  8  illustrates  the 
principle  of  this  adaptative  grid.  Each  window  of  analyses  is 
placed  on  the  two  successive  flame  fronts  and  their  arc 


oriented  with  its  normal  direction.  The  correlation  of  these 
two  windows  gives  the  fresh  gases  velocity  in  front  of  the 
reaction  zone.  From  this  adaptative  grid,  the  flame  speed  (Uf) 
and  the  normal  and  tangential  components  of  the  fresh  gases 
velocity  (Ug[,Ugn)  in  the  flame  front  coordinate  system  (T,v) 
are  obtained.  Thus,  the  difference  Uc=Uf-Ug„  gives  the 
burning  velocity. 

In  the  first  place,  to  realize  a  validation  of  all  the 
velocities  computed  from  this  adaptative  grid,  synthetic 
images  have  been  used.  Two  synthetic  images  are  created  to 
obtain  a  vortex  velocity  Field.  The  contour  used  to  perform 
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grid  from  synthetic  particle  images. 


Figure  10-Example  of  the  adaptative  grid  on  a  part  of 
a  turbulent  flame  front  (u'=0.5  m/s.  0=1.  P=2.3  bar) 


the  adaptative  grid  computation  is  a  circle  centered  on  the 
vortex  center.  The  analyze  windows  go  round  the  circle  and 
thus  the  normal  component  should  be  equal  to  zero  whereas 
that  tangential  component  should  be  constant.  The  figure  9 
shows  the  variation  of  these  two  components  (Ugt,Ugn)  all 
around  the  circle.  This  plot  shows  that  the  normal  component 
is  equal  to  zero  and  that  the  tangential  component  is 
constant.  The  behavior  of  these  two  components  validates 
the  measurements  of  the  velocities  in  a  no  regular  mesh. 

In  addition,  the  velocities  computed  without  sub-pixel 
interpolation  have  been  superimposed  on  the  plot  (dash- 
lines).  These  velocities  show  the  discretization  effects  of 
numeric  correlations.  The  draw  of  the  components  (Ux,Uy ) 
obtained  from  (Ugt,Ugn)  exhibits  the  efficiency  of  the  sub¬ 
pixel  interpolation.  The  component  variation  (Ux,Uy)  should 
be  sinusoidale.  This  variation  is  not  resolved  without  sub- 
pixel  interpolation.  The  continuous  curves  are  obtained 
without  smooth  but  only  by  a  increasing  of  the  accuracy  of 
each  individual  vector  thanks  to  the  correlation  peak 
interpolation. 

7.  Results 


Figure  11  -  Velocities  versus  curvilinear  coordinate 


The  adaptative  mesh  has  been  used  from  flame 
tomography  visualizations  presented  figure  2-b.  The  figure 
10  shows  a  treatment  on  a  part  of  turbulent  flame  front.  The 
longer  vector  perpendicular  to  the  flame  front  represents  the 
flame  front  velocity.  The  other  vector  is  the  fresh  gases 
velocity.  On  this  plot,  we  can  noticed  that  when  the  flame 
front  is  flat,  the  fresh  gases  velocities  is  brought  into 
alignment  with  the  flame  front  velocity.  On  the  other  hand, 
as  soon  as,  the  radius  of  curvature  of  the  flame  front  decreases, 
the  tangential  components  of  fresh  gases  velocity  modified 
this  alignment.  Thus  it  appears  that  this  approach  to  study 
the  interaction  between  the  reaction  zone  and  the  turbulence 
is  very  promising. 

From  this  adaptative  grid,  at  any  point  of  the  flame 
front,  we  can  computed  the  tangential  and  normal  velocity  of 
fresh  gases.  The  figure  11  shows  the  evolution  of  all  these 
velocities  in  a  case  of  a  laminar  propagation,  versus  a 
curvilinear  coordinates  of  the  flame  front.  On  this  plot,  we 
can  sec  that  all  the  velocities  are  about  constant  and  that  the 
tangential  velocity  is  approximately  equal  to  0.  From  these 
velocities  computed  all  around  the  flame  front,  we  can  deduce 
mean  velocities.  An  example  of  time  evolution  of  these  mean 
velocities  obtained  in  a  laminar  propagation  is  shown  figure 
12.  On  this  plot,  we  can  noticed  that  the  tangential 
component  of  fresh  gas  is  negligible  and  that  the  flame  front 
speed  is  constant.  On  the  other  hand,  the  burning  velocity 
decreases.  This  indicates  that  the  PIV  method  based  on  an 
adaptative  grid  allows  to  estimate  the  effects  of  the  local 
curvature  modifications  of  the  reaction  zone  on  the  burning 
velocity.  For  this  case,  the  decreasing  of  burning  velocity  is 
due  to  the  increasing  of  local  radius  of  curvature  of  the 
reaction  zone  during  the  propagation. 

The  tangential  and  normal  velocities  of  the  flame  front 
afford  significant  knowledges  on  the  process  of  interaction 
between  the  reaction  zone  and  the  turbulent  field.  In  the 
future,  we  hope  computed  new  flame  characteristics  such  as 
the  strain  rate  or  the  burning  velocity. 

8.  Conclusions 

Compared  to  auto-correlation,  cross-correlation  is  more 
appropriate  to  study  turbulent  flows.  The  ability  to  measure 
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Figure  12  -  Evolution  of  mean  velocities 

reverse  flows  and  short  particle  displacements  including  the 
zero  velocity  permit  to  work  on  short  displacements  to  limit 
the  3-dimensional  effects  such  as  displacement  fluctuations  or 
out-off  motions.  And  the  decreasing  of  number  of  velocity 
values  computed  from  numeric  correlations  is  counterbalanced 
by  the  determination  of  particle  displacement  with  the  sub¬ 
pixel  accuracy. 

The  capability  of  the  cross  correlation  PIV  method  to 
provides  a  velocity  field  from  high  density  particles  images 
has  been  presented.  Therefore  it  can  be  used  from  laser 
tomography  records  of  turbulent  flame  to  simultaneously 
obtain  the  flame  front  location  and  the  fresh  gas  velocity. 
The  good  knowledge  of  the  turbulence  properties  with  a 
sufficient  accuracy  will  allow  to  compare  our  experimental 
study  to  numeric  simulations  realized  with  the  same  initial 
conditions  (example  DNS). 

In  addition,  the  use  of  an  adaptative  grid  to  perform  PIV 
algorithm  permits  us  to  measure  the  velocity  field  close  to  the 
reaction  zone  in  the  flame  front  coordinate  system  and  thus  to 
deduce  the  local  burning  velocity  and  its  evolution  during  the 
flame  propagation.  This  approach  seems  very  promising  to 
study  the  interactions  between  a  flame  front  and  a  turbulent 
field.  We  think  also  that  this  principle  of  adaptative  grid  can 
also  be  used  to  boundary  layers  studies. 
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ABSTRACT. 

The  development  of  a  PIV  system  for  measurements  in 
premixed  turbulent  flames  is  presented;  it  is  based  on 
photographic  acquisition  of  double  exposed  images,  employing  a 
doulble  oscillator  Nd-Yag  laser.  Seeding  of  the  flow  is 
discussed.  The  PIV  system  is  applied  to  two  different  flames:  its 
performance  is  optimized  on  a  premixed  unconfincd  LPG  flame 
produced  by  a  Bunsen  burner,  then  it  is  applied  to  a  larger 
confined  CH4  flame  burning  inside  a  transparent  combustion 
chamber.  Comparison  with  LDV  measurements  is  presented. 
Processing  of  the  velocity  measurements  by  the  two  techniques 
allows  observation  of  turbulent  structures  in  space  and  lime; 
results  are  presented  with  main  attention  to  the  measurement 
techniques  and  to  the  comparison  of  the  results  achievable  by 
employing  each  of  them. 


1.  INTRODUCTION. 

Particle  Image  Velocimetry  (PIV)  has  become  at  present  a 
powerful  measurement  technique  suitable  for  the  experimental 
investigation  of  a  large  variety  of  flows.  The  study  of  turbulent 
flames,  at  industrial  scale,  is  a  field  of  great  interest,  due  to  the 
more  and  more  demanding  requirements  for  the  decrease  of 
pollutant  production  and  emission  from  the  combustor  and  to  the 
necessity  of  increased  efficiency.  The  measurement  of  the  flame 
velocity  field  is  significant  for  the  evaluation  of  mass  transport 
and  heat  transfer  phenomena  which  act  within  the  (lame.  A 
rather  large  experience  is  already  available  on  velocity 
measurement  in  flames  by  Laser  Doppler  Velocimetry  (LDV). 
This  non-intrusive  measurement  technique  can  provide  the 
three-dimensional  velocity  field,  in  terms  of  mean  velocity 
components  and  turbulent  fluctuations;  measurements  arc  local 
and  are  performed  in  lime,  according  to  an  eulerian  observation 
of  the  phenomena.  Turbulent  structures  are  measured  by- 
processing  the  time  records  of  local  velocity;  time  scales  can  be 
computed  if  velocity  data  arc  sampled  at  a  sufficiently  high 
repetition  rate.  Such  an  approach,  although  feasible,  implies  very 
high  data  rates  which  arc  rather  difficult  to  achieve  in 
combusting  flows,  where  seeding  problems  are  particularly 
difficult  to  solve. 

PIV  therefore  appears  as  a  very  useful  technique  for 
measuring  the  velocity  field  in  combusting  flows,  which  can 
provide  complementary  results  to  those  obtained  by  LDV.  Some 
examples  are  reported  in  Armstrong  et  a.  (1992).  Lewis  et  a. 
(1987).  Logan  and  Smith  (1989).  Reuss  et  a.  (1989-1990).  The 
measured  vector  field  can  be  used  to  observe  directly  large 


turbulent  structures  m  space  and  therefore  exctract  informations 
related  to  convective  mass  and  heat  transfer  inside  the  flame. 
The  inherently  instantaneous  nature  of  PIV  velocity  field  data 
allows  to  freeze  motion;  measurements  on  a  turbulent  flow  are 
therefore  different  from  one  image  to  another  and  clearly  show 
how  a  turbulent  flow  is  due  to  the  convection  of  vortical 
structures  superimposed  to  the  mean  flow.  These  structures, 
whose  dimensions  are  spread  across  a  wide  range,  are 
responsible  of  convective  phenomena.  Spatial  resolution  of  PIV 
measurements  constitutes  the  major  limitation  to  the  detection  of 
spatial  structures  within  the  flow;  in  fact,  by  PIV  it  is  only 
possible  to  resolve  structures  whose  dimension  is  at  least  twice 
the  distance  among  two  adiacent  measurement  locations  in  the 
grid  of  points  laid  upon  the  measurement  plane,  according  to  the 
Shannon  sampling  theorem.  PIV  measurements  are  iheretore 
low  pass  filtered  in  the  spatial  frequency  domain  of  tile  image  of 
lire  flow.  This  limitation  is  more  and  more  stringent  when  PIV  is 
applied  to  large  scale  flows  and  when  seeding  density  is  poor, 
this  is  the  case  of  large  industrial  combustors. 

With  the  aim  to  develop  a  PIV  system  suited  for  velocity 
measurements  in  flames  of  industrial  interest  and  in  order  to 
develop  the  necessary  experimental  skill  in  performing  such 
experiments,  at  University  of  Ancona  it  has  been  initiated  a 
program  devoted  to  LDV  and  PIV  measurements  on  different 
premixed  flames.  It  has  been  chosen  to  develop  the  PIV 
measurement  chain  on  a  small  scale  flame  produced  by  a  Bunsen 
burner  and  then  to  extend  the  application  to  a  combustion 
chamber  operating  with  a  larger  premixed  combustor. 

2.  DEVELOPMENT  OF  A  PIV  SYSTEM  FOR 
MEASUREMENTS  IN  FLAMES. 

When  considering  the  design  of  a  PIV  measurement  system 
to  be  applied  to  a  combusting  flow,  the  weak  block  of  the 
measurement  chain  clearly  appears  to  be  tlie  image  acquisition. 

Being  image  acquisition  the  step  in  which  information  is 
recorded,  all  related  measurement  problems  need  to  be 
addressed  with  particular  attention:  in  fact  it  is  fundamental  10 
stress  that,  as  in  any  other  measurement  procedure,  no  data 
processing  technique  will  ever  be  capable  of  extracting 
information  which  was  not  previously  recorded.  Data  processing 
will  then  be  important  in  terms  of  minimum  signal  to  noise  lev  el 
which  can  be  processed,  but  the  quality  of  the  results,  in  terms  ol 
uncertainty  and  resolution,  relies  mostly  on  the  quality  of  the 
recording  at  the  very  first  stage  in  the  measurement  procedure 
Therefore  main  attention  in  tins  work  is  devoted  to  the  process 
of  image  formation  and  recording. 

Three  elements  play  their  role  in  image  formation:  .1) 
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seeding  particles,  b)  pulsed  light  sheet  illumination,  c) 
photographic  acquisition.  They  are  closely  related  to  each  other 
and  need  to  be  addressed  together. 

As  in  any  other  large  scale  flow.  PIV  imago  acquisition  in 
large  flames  suffers  of  limitations  related  to  the  necessity  to 
resolve  very  small  particle  images  over  a  rather  large  field  of 
view.  In  this  work  the  objective  was  to  be  able  to  measure 
velocity  over  flow  fields  having  up  to  200  mm  width,  employing 
standard  24x36  mm  camera,  therefore  minimum  magnification 
between  image  and  object  is  M  =  1/6.  In  a  combusting  flow 
usually  metal  oxide  particles  are  employed,  which  have  the 
capability  to  survive  to  the  high  temperatures  across  the  flame 
front  and  are  available  at  diameters  of  the  order  of  1  pm.  Witze 
and  Baritaud  (1986).  Their  aerodynamic  behaviour  is  sufficient 
to  follow  turbulent  velocity  fluctuations  in  the  frequency  range 
which  is  measurable  by  LDV  and  therefore  are  also  suited  for 
PIV  applications.  Film  resolution  should  be  chosen  after 
evaluation  of  average  particle  image  dimension:  diffraction, 
image  blurring  due  to  motion,  focussing  etc.,  impose  the  choice 
of  films  having  at  least  100  line  pairs/mm.  Particle  dimension 
affects  also  scattering  efficiency  and  the  total  amount  of  energy 
available  to  form  a  particle  image  depends  on  density  of 
incoming  energy,  on  scattering  efficiency  and  again  on  M.  In 
order  to  record  images  of  small  tracers  with  a  small  M  it  is 
necessary  therefore  to  employ  very  high  energy  for  the 
illuminating  light  source.  Pulsed  laser  illumination  is 
consequently  the  only  possible  choice. 

In  this  work  it  has  been  employed  a  double  oscillator  Nd- 
Yag  laser,  which  operates  on  its  second  harmonic,  producing 
two  green  light  pulses  (A.=532  nm)  having  an  energy  of  105 
ml/imp  and  a  duration  of  about  12  ns.  The  two  lasers  have  been 
synchronized  by  controlling  the  cavity  Q-switch  by  a  variable 
delay  pulse  generator,  which  has  an  accuracy  of  10'*-s.  and  can 
therefore  produce  light  pulses  with  a  variable  time  delay  At 
which  can  be  very  precisely  set  to  the  desired  value.  The  system 
is  triggered  by  the  flash  signal  of  a  standard  photographic 
camera.  In  order  to  maximize  light  intensity,  the  light  sheet  is 
expanded  to  the  minimum  necessary  lateral  dimension  and  it  is 
focussed  in  order  to  minimize  its  thickness:  according  to  the 
dimension  of  the  scene  this  implies  the  use  of  different 
cylindrical  and  spherical  lenses. 

For  given  particle  dimension,  image  magnification  and 
laser  energy,  other  parameters  can  be  used  to  improve  sensitivity 
of  the  recording  system:  they  are  film  sensitivity  and  recording 
optics  numerical  aperture.  Previuos  experience  showed  that  a 
good  compromise  between  film  sensitivity  and  resolution  is 
achieved  with  Kodak  TMax  400  ASA.  which  is  employed  in  all 
the  following  measurements;  a  60  mm  focal  length  macro 
objective  has  been  employed  at  its  maximum  aperture  f/2.8. 

Special  attention  has  to  be  paid  to  filtering  out  background 
illumination  coming  from  flame  radiation.  In  fact  any  flame 
produces  a  broad  spectrum  radiation,  which  constitutes 
background  noise  on  the  recorded  images.  As  in  LDV.  it  is 
necessary  to  remove  unwanted  light  frequencies;  therefore  light 
is  recorded  only  within  a  narrow  band,  about  10  mn  wide, 
centered  around  the  laser  line,  in  this  case  at  532  nm.  by 
adopting  an  interference  filter  on  the  receiving  optics.  There  is 
still  a  residual  amount  of  noise  produced  by  the  flame  within  this 
narrow  band;  it  should  be  observed  that  it  has  some  positive 
effects  due  to  the  non  linear  behaviour  of  film  emulsion  when 
exposed  to  incoming  radiation.  In  fact  at  the  opening  of  the 
camera  shutter  the  film  is  esposed  to  light  from  the  flame,  which 
brings  the  eposure  level  towards  the  notch  on  the  exposure 
curve,  as  reported  in  fig.  I ;  when  the  laser  Hashes  the  particles 


scatter  light  and  images  are  recorded  with  an  higher  contrast 
than  what  would  be  produced  by  flashing  the  laser  in  absence  ol 
pre-exposure.  Of  course  the  pre-exposure  duration  has  to  be 
optimized  for  each  experimental  set-up. 

All  previous  considerations  have  been  employed  lor  the 
design  of  a  PIV  measurement  system  which  proved  to 
effectively  record  particle  images  in  combusting  Hows.  (tig.  2). 
Light  sheet  dimensions  and  seeding  particles  were  optimized  lor 
each  case. 

Once  images  are  recorded,  they  arc  r,i  acessed  by  an  optical 
bench  operating  in  the  Young's  fringe  mode.  Digitized  fringes 
are  analysed  by  an  autocorrelation  algorithm  and  velocity  results 
are  stored  in  files  for  further  processing  and  visualization. 


Fig.  1 -Film  exposure  curve. 


3.  MEASUREMENTS  IN  A  BUNSEN  BURNER. 

The  development  of  the  PIV  system  has  been  accomplished 
on  a  simple  combusting  flow,  a  Bunsen  burner  operating  with 
LPG  coming  from  a  pressurized  bottle.  The  burner  has  a  nozzle 
having  17  mm  internal  diameter;  gas  is  injected  upstream  of  a 
pipe  whose  length  is  80  mm  and  air  is  driven  into  the  Dow  by  the 
negative  pressure  differential  produced  by  the  gas  motion. 
Complete  mixing  of  air  and  gas  is  achieved  along  the  pipe.  Fig. 
3  shows  the  facility:  it  can  be  noticed  the  settling  chamber 
around  the  air  intake.  Seeding  particles  are  injected  in  the 
settling  chamber,  so  that  air  is  uniformly  seeded  before  entering 
the  pipe.  Particles  are  therefore  available  all  across  the  flame, 
due  to  the  mixing  of  air  and  gas.  In  these  experiments,  seeding 
particles  are  introduced  into  the  air  Dow  by  an  atomizer,  which 
produces  a  fine  spray  of  liquid  droplets  containing  sparse 
particles.  Particle  concentration  and  spray  dilution  are  optimized 
for  each  experimental  condition.  Mam  critcriuin  is  to  observe 
tracers  both  upstream  and  downstream  the  flame  front.  In  fact. 
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when  observing  tracers  in  flames,  it  appears  that  image 
concentration  drops  when  crossing  the  flame  front;  flame  front 
can  actually  be  identified  by  observing  the  change  in  particle 
number  per  unit  image  surface.  This  is  due  to  the  thermal  and 
chemical  action  of  the  flame  on  the  particle  and  to  the  large 
thermal  expansion  of  the  gas  across  the  flame,  which  strongly 
reduces  the  volume  concentration  of  residual  tracers.  Tracer 
concentration  upstream  the  flame  has  therefore  to  be  increased, 
in  order  to  have  particles  also  in  the  combusting  region,  but 
attention  should  be  paid  to  avoid  overlapping  images  in  the 
unburncd  region,  which  could  interfere  and  form  speckles,  rather 
noisy  and  difficult  to  process. 


Fig.  3-Scheme  of  the  Bunsen  burner  and  settling  chamber. 

3.1  Measurements  by  PIV. 

It  has  been  used  a  series  of  lenses  in  order  to  shine  a  light 
sheet  having  70  mm  lateral  width  and  about  100  pm  thickness. 
The  light  sheet  is  shone  across  the  symmetry  plane  of  the  exit 
nozzle.  Images  arc  recorded  with  magnification  M«=0.435 
flashing  the  lasers  at  a  time  interval  At=90ps.  Tith  panicles 
having  polidispcrse  diameter  around  0.2-2.0  pm  are  employed 
At  this  magnification  ratio,  with  the  PIV  system  described 
above,  they  produce  about  50  particle  image  pairs  per  mm- 
upstream  the  flame  front,  each  image  having  about  10  pm 
diameter.  Fig.  4  shows  a  typical  PIV  picture;  the  flame  front  can 
be  easily  identified  as  the  region  across  which  the  number  of 
seeding  tracers  drops  significantly.  Its  complex  geometry, 
typical  of  premixed  turbulent  flames  can  be  observed.  It  should 
be  noticed  that  this  is  the  two-dimensional  section  of  a  really 
three-dimensional  flow  field,  which  shows  axial  symmetry  only 
when  considering  mean  values  computed  over  time  windows 
much  longer  than  the  turbulent  time  scales. 

A  series  of  images  has  been  acquired  and  processed;  only 
some  results  will  be  shown  here.  Figs.  5-a  and  5-b  show  two 
examples  of  absolute  velocity  measurement;  on  each  picture  it 
has  been  interrogated  a  regular  grid  of  31x61  points  (1891 
points),  over  an  area  equal  to  69.0x34.5  nmr  positioned  4.5  mm 
dowstream  the  nozzle  of  the  burner.  Measurement  points  are 
spaced  0.5  min  on  the  picture,  therefore  velocity  samples  are 
measured  with  a  spatial  resolution  equal  to  1.1  mm.  Successful! 
measurements  are  obtained  on  about  70*2  of  the  grid  points. 
Each  velocity  field  differs  significantly  from  tlie  others,  although 
it  is  possible  to  observe  common  features;  in  particular  it  is 
evident  that  the  flow  is  accelerated  across  the  flame  front  and 
velocity  vectors  show  lower  scatter  in  the  burnt  region.  Although 
some  simmetry  is  maintained  in  the  instantaneous  flow  fields,  it 
is  visible  the  presence  of  large  vortical  structures  which 
dominate  the  region  upstream  the  flame  front  and  also  cause  the 
significant  loss  of  data  in  that  region.  The  flow  is  dominated  by 
convection;  flow  diverges  from  the  axis  at  the  exit  of  the  nozzle; 


radial  expansion  continues  across  the  flame  front,  but  its  effect  is 
■educed  by  acceleration  in  vertical  direction,  which  contributes 
to  organize  the  flow  along  the  hunter  axis.  Processing  of  the 
images  to  yield  relative  velocity  vectors  offers  a  clearer  insight 
into  the  flow  structures.  For  this  purpose,  in  all  pictures,  mean 
vertical  velocity  has  been  subtracted;  figs.  6-a  and  6-b  show  two 
examples  of  relative  velocity  field  computed  from  data  ol  ligs. 
5-a.b.  The  two  vector  fields  show  the  uniformity  of  the  flow 
downstream  the  flame  front  and  the  presence  of  vortices  at  the 
nozzle  exit  and  at  the  lateral  borders  of  the  combusting  flow. 
The  dimensions  of  the  vortices  are  of  the  order  of  several  mitt. 
They  contribute  to  the  entrainment  of  air  from  the  outer  region, 
only  primary  air  was  seeded,  therefore  measurements  in  the 
mixing  region  are  not  possible.  Vorticity  component 
perpendicular  to  the  plane  of  measurement  can  be  computed  for 
each  velocity  field.  Figs.7-a  and  7-b  show  results  of  processing 
the  previous  velocity  fields;  vorticity  is  larger  where  vortical 
flow  occurrs.  Figs.  8-a.  K-b  and  K-c  show  the  results  computed 
by  averaging  10  different  velocity  fields;  these  plots  therefore 
should  be  more  representative  of  the  steady  stale  behaviuor  of 
the  flame.  In  fact  flow  symmetry  appears  enhanced  by  the 
averaging  process  and  the  whole  flow  field  appears  more 
homogeneous;  vorticity  is  concentrated  in  the  conical  region 
upstream  the  flame  front,  where  mixing  between  primary  air  and 
gas  is  still  occurring.  Crossing  of  the  flame  front  produces  a 
sharp  decrease  in  turbulence  intensity. 

3.2  Comparison  with  LDV  measurements. 

In  order  to  verify  performance  of  the  PIV  system  and  to 
better  describe  the  different  observations  that  such  measurement 
technique  allows  with  respect  to  conventional  techniques,  results 
of  instantaneous  and  averaged  measurements  have  been 
compared  to  LDV  measurements  performed  in  the  same  flow. 
Axial  velocity  measurements  by  LDV  have  been  performed 
along  the  vertical  axis  of  the  burner,  while  radial  velocity 
component  is  measured  along  a  radial  direction  20  mm 
downstream  the  nozzle.  Grid  points  are  2.5  mm  apart  from  each 
other;  1000  LDV  velocity  samples  are  averaged  at  each 
measurement  location.  Uncertainty  on  LDV  mean  velocity  data 
is  evaluated  to  be  about  ±1%.  while  it  is  about  ±39f>  for  PIV 
data.  Paone  and  Ricthmuller  (1989).  Figs.  9-a  and  9-b  show 
comparison  among  instantaneous  PIV  data  from  fig.5  and  LDV; 
differences  are  due  to  the  convection  of  large  eddies  within  the 
flame,  as  observed  previosly.  Comparison  shows  better 
agreement  when  PIV  averaged  data  are  used,  as  in  figs.  10-a  and 
10-b  although  statistics  of  PIV  data  is  still  very  poor,  being 
available  only  10  data  sets.  Nevertheless,  comparison  shows  that 
PIV  is  capable  of  capturing  instantaneous  structures  very 
effectively,  and  it  shows  that  instantaneously  the  flow'  field 
structure  can  differ  significantly  from  what  observed  as  mean 
flow.  Again  this  confirms  that  PIV  and  LDV  are  strictly 
complementary  measurement  techniques. 

4.  MEASUREMENTS  IN  A  PREMIXED  CHj  COMBUSTOR. 

In  order  to  apply  the  developed  PIV  system  to  industrial 
combustors,  it  has  been  tested  in  a  facility  which  operates  with 
CI14  inside  a  confined  combustion  chamber.  The  lest  rig  is 
schematically  represented  in  fig.  1 1 .  The  gas  flows  through  a 
nozzle  of  a  Venturi  pipe;  air  is  driven  into  the  flow  by  the  low 
static  pressure  caused  by  gas  motion.  Mixing  of  air  and  gas 
occurrs  along  the  diffuser  of  the  combustor,  whose  outlet 
diameter  is  60  mm.  The  flame  develops  inside  a  cylindrical 


15.3.3. 


combustion  chamber  built  in  transparent  silica,  having  internal 
diameter  D,=  180  mm  and  length  L=1000tnm;  its  thickness  is  5 
mm.  its  refraction  index  is  1.46.  Such  a  material  can  operate 
with  no  damage  at  temperatures  of  the  order  of  500°C.  therefore 
is  well  suited  for  combustion  measurements.  Its  optical 
coefficient  of  transmission  for  visible  light  is  about  0.92  for 
5mm  thickness.  The  combustion  chamber  is  connected  to  a 
vertical  chemney  1  m  high  for  smoke  exhaust;  it  can  therefore  be 
considered  as  operating  at  atmospheric  pressure.  Gas  How  rale  is 
monitored  and  it  results  Qg  =  1.52  Nm3/h;  the  combustor 
operates  at  a  power  P=13700kcal/h=15.9kW. 

4.1  Measurements  by  PIV. 

Being  the  measurement  area  much  larger  than  before,  the 
PIV  system  must  be  operated  at  M=0.12+0.18.  imaging  on  the 
photographic  film  a  light  sheet  200  mm  wide.  Air  is  seeded  by 
tracer  particles  injected  in  the  settling  chamber  upstream  the 
combustor  air  intake;  seeding  is  produced  by  atomizing  water 
droplets  in  which  Z1O2  particles  are  diluted.  Partclc  diameter  is 
polidispersed.  with  an  upper  limit  ahout  5pm.  PIV  pictrures  are 
acquired  by  firing  the  lasers  at  At=l50ps  with  105mJ/pulse. 

Fig.  12  shows  a  typical  PIV  negative.  The  photograph 
shows  the  sudden  decrease  in  particle  concentration  across  the 
flame  front  as  already  observed  on  the  Bunsen  burner.  Large 
vortices,  which  entrain  external  unseeded  air  into  the  flatnc  can 
be  observed  at  the  border  of  the  flame.  Noise  due  to  reflections 
of  the  light  sheet  is  present  on  the  picture;  it  cannot  be  avoided, 
due  to  the  fact  that  the  combustion  chamber  is  a  cylinder. 
Quality  of  the  images  is  therefore  affected  by  these  reflections 
and  by  background  flare  all  over  the  field.  Image  is  noisy  also 
due  to  the  larger  amount  of  flame  radiation;  the  use  of  the 
interference  filter  does  not  eliminate  completely  the  problem. 

When  such  images  are  processed  resulting  velocity  fields 
look  like  fig.  13-a  and  13-b.  where  absolute  and  relative  velocity 
are  represented  respectively.  Several  similar  measurements  have 
been  taken  on  the  flame;  in  all  cases  processing  was  succesfull 
in  about  50%  of  the  measurement  points  of  the  regular  grid  laid 
on  the  pictures  and  about  400-600  velocity  vectors  are 
simultaneously  measured  on  each  picture.  Again  velocity  fields 
show  the  presence  of  large  vortices.  The  flow  accelerates  soon 
after  the  flame  front,  but  velocity  tends  to  decrease  moving 
forward  into  the  combustion  chamber,  due  to  the  radial 
expansion  of  the  jet.  Velocity  is  maximum  soon  after  the  flame 
front.  Disturbances  are  convened  downstream  the  flame  front 
and  the  flow  shows  three  dimensional  nature,  which  results  in 
signal  dropout  even  three  diameters  downstream  the  exit  nozzle. 

4.2  Comparison  with  LDV  measurements. 

Axial  velocity  measurements  have  been  performed  along 
several  diameters  into  the  combustion  chamber  by  LDV,  Paone 
(1994).  Fig.  14  shows  mean  axial  velocity  profiles.  Uncertainty 
in  LDV  mean  velocity  data  is  ±1%.  while  it  is  about  ±5%  for 
PIV.  Their  comparison  to  PIV  measurements  confirms  the 
expansion  of  the  jet  inside  the  combustion  chamber  and  the 
acceleration  across  the  flame  front.  Turbulence  intensity,  which 
is  not  reported  in  this  paper,  is  maximum  at  the  jet  boundaries; 
PIV  pictures  show  that  in  those  regions  air  is  entrainmed  by 
large  vortices.  Their  passage  determines  high  turbulence  level. 
Data  rate  in  LDV  measurements  is  too  low  inside  such  a  flame 
to  perform  frequency  analysis;  therefore  lime  scales  of  such  flow 
could  not  be  efficiently  investigated  by  LDV.  On  the  other  hand 
PIV  pictures  provide  a  very  rapid  evaluation  of  turbulent 


structures  macroscale;  therefore  informations  on  mass  transport 
in  the  llame  can  be  derived  by  PIV  data.  These  considerations 
again  pul  in  evidence  complementarity  of  LDV  and  PIV 


5.  CONCLUDING  REMARKS. 

This  paper  has  presented  criteria  followed  in  the  design  and 
experimental  lest  of  a  PIV  measurement  system  lor  combusting 
flows.  The  choice  of  seeding  particles,  light  source,  image 
acquisition  device  is  discussed.  Measurements  in  a  Bunsen 
burner  are  performed  and  compared  to  LDV  results.  They  put  in 
light  the  different  information  obtained  by  PIV.  an  instantaneous 
measurement  of  flow  velocity,  with  respect  to  what  normally 
observed  by  eulerian  techniques,  as  LDV.  The  complementarity 
of  the  two  approaches  is  enhanced.  Measurements  performed  m 
a  larger  combustor,  operating  in  a  closed  combustion  chamber, 
show  the  difficulties  in  application  of  PIV  10  large  combusting 
flows.  Nevertheless  results  prove  the  potential  that  such 
measurement  technique  offers  in  the  investigation  of  combusting 
flows.  Again  comparison  with  LDV  data  shows  that  PIV  can 
measure  very  efficiently  spatial  flow  structures  responsible  of 
mass  transport  phenomena  connected  to  combustion. 
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Fig.  4  Typical  PIV  picture  on  Bunsen  burner. 


Fig.  5-a-b  Two  examples  of  absolute  velocity  measurement  on  Bunsen  burner. 
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Fig.  6-a  -b  Relative  velocity  field  on  Bunsen  computed  from  data  of  figs.  5-a.b. 
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ABSTRACT 

Visualization  of  the  location  of  the  flame  front  is 
important  in  combustion  studies,  and  is  generally  obtained  by 
using  natural  C2  and  OH  emission.  For  a  better 
understanding  of  the  meaning  of  these  two  flame  front 
tracers,  and  a  more  precise  description  of  the  flame  front 
concept,  two  optical  diagnostic  techniques  are  compared  in 
this  work:  Laser  Induced  Fluorescence  of  OH  and 
Spontaneous  Emission  of  C2  These  methods  are  applied  to 
an  axisymmetric  laminar  methane-air  premixed  flame  for  a 
range  of  flow  rates  and  fuel-air  ratios.  Images  of  C2  radicals 
in  flames  are  obtained  using  an  intensified  CCD  camera  with 
a  narrow  band  interference  filter  centered  at  the  (0-0)  band  of 
the  Swan  system.  The  response  of  the  camera  has  been 
calibrated  with  a  uniform  source,  taking  into  account  the 
actual  local  sensitivity  of  the  imaging  system  as  a  whole 
(CCD,  lntensificr,  lens,  filter)  from  zero  to  the  maximum 
level  of  illumination.  The  local  intensity  at  the  CCD  is  a 
function  of  the  total  C2  emission  integrated  along  the  optical 
path.  An  Abel  transformation  is  performed  on  each  row  of  the 
instantaneous  images  after  filtering  with  a  spatial  low  pass 
filter  to  obtain  an  image  of  the  cross  section.  A  spectroscopic 
study  relates  the  resulting  amount  of  light  to  the  C2 
concentration.  OH  images  are  obtained  by  Laser  Induced 
Fluorescence.  The  Ql(7)  line  in  the  X^n  (v"=0)  ->  A^£+ 
(v^  1 )  transition  is  excited  and  the  emission  in  the  (1,1)  band 
is  detected.  The  OH  signal  is  averaged  over  100  laser  pulses 
and  collected  on  an  intensified  diode  array.  Finally,  the 
images  are  generated  by  translating  the  laser  beam  and  the 
diode  array  in  the  vertical  direction  in  steps  of  1  mm  using 
precision  positioners.  The  results  show  that,  for  low  flow 
rates  and  fuel-air  ratios,  the  location  of  the  maximum  of  OH 
and  C2  intensities  are  in  good  agreement.  In  these  lean 
reactive  flows,  the  flame  front  is  accurately  defined  by  the 
two  radicals.  For  higher  flow  rates  and  fuel-air  ratios,  OH  is 
produced  in  the  secondary  diffusion  reaction  zone  resulting 
from  the  reaction  of  the  ambient  oxygen  with  the  hot  fuel  rich 
combustion  products  of  the  primary  flame  front.  C2  radicals 
are  not  preponderant  in  the  outer  diffusion  flame.  A 
comparison  between  OH  and  C2  concentrations  profils  in  the 
region  where  the  inner  and  outer  cones  are  seperated  shows 
that  the  maximum  of  OH  concentration  is  no  longer 
representative  of  the  primary  premixed  reaction  zone  location 
whereas  it  is  more  accurately  determined  by  C2  Spontaneous 
Emission  method.  Close  to  the  burner,  the  OH  distributions 


from  the  two  cones  merge  to  form  a  broad  region  of  OH 
intensity,  the  C2  image  remains  sharp  This  study  has 
compared  the  role  of  OH  and  C2  radicals  in  flame  front 
location.  It  has  also  shown  that  imaging  of  C2  Spontaneous 
Emission  is  an  accurate  and  easy  experimental  method  for 
instantaneous  flame  front  visualization.  This  technique  does 
not  require  a  large  mvestement  compared  to  LIF  and  gives 
quantitative  tomographic  information  of  C2  concentration  in 
axisymmetric  laminar  flames 

INTRODUCTION 

Flame  imaging  provide  important  new  insights  in  the 
understanding  of  combustion  processes  and  provide  useful 
information  on  complex  chemical  and  fluid  mechanical 
phenomena  typically  found  in  combustion  devices  Different 
techniques  can  be  used  to  visualize  reacting  flow  or  to 
measure  selected  flowfleld  parameters.  These  parameters 
have  to  be  related  to  some  property  that  can  be  measured  by 
means  of  a  light  beam.  For  many  years  the  most  common 
imaging  techniques  used  in  combustion  have  been  schlieren, 
holographic  interferometry  and  shadograph  based  on  changes 
in  refractive  index  and  in  flows  of  constant  or  nearly  constant 
pressure.  One  may  interpret  the  resulting  images  in  terms  of 
temperature  gradients.  The  boundary  separating  the  fresh  and 
burnt  gases  may  be  located  and  can  be  used  to  identify  the 
aprproximate  position  of  the  flame  front  The  major 
limitations  of  these  visualisation  methods  concerns  their 
spatial  resolution  in  flows  which  are  not  two-dimensional 
with  respect  to  the  optical  axis,  and  the  difficult  distinction  of 
a  simple  interface  between  gases  of  different  density  from  an 
active  flame  sheet  Other  methods  are  based  on  the  amount  of 
light  scattered  by  the  fluid  elements,  Mie  scattering  (see 
Boyer  (1980))  when  particles  are  required  and  Rayleigh 
scattering  (see  F.scoda  (1983))  for  molecules. 

In  most  of  hydrocarbon  (lames,  the  reaction  zone  is 
characterized  by  a  luminous  shape,  which  is  associated  to 
spontaneous  emission  of  excited  molecules  and  radicals 
produced  by  chemical  reactions  and  the  heat  released  by 
combustion.  It  is  admitted  that  the  maximum  of  this  luminous 
regions  zones  correspond  to  the  maximum  of  the  heat  release 
density  and  defines  a  flame  front  position.  It  is  then  possible 
to  detect  the  flame  front  location  by  imaging  the  spontaneous 
emission  of  the  flames 
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This  problem  is  solved  for  laminar  or  turbulent  two 
dimensional  flames  using  a  time  resolved  camera  (high  speed 
camera  or  intensified  CCD  camera).  In  this  case  the  flame 
from  location  is  spatially  well  resolved. 

For  three  dimensional  flows,  the  information  is  integrated 
over  the  optical  path  along  the  line  of  sight  and  the  image  is 
not  easily  deconvolved.  In  axisymmetric  flows  the  Abel 
transform  is  used  to  deconvolved  the  data  (see  Rolon  and  al 
(1991),  Bennaghmouch  and  Perrin  (1992)). 

The  geometry  and  motion  of  the  tlame  front  can  also  be 
gathered  by  LIF  imaging  In  this  method  the  laser  light 
illuminates  the  reactive  flow  and  excites  the  fluorescence  of  a 
species  which  is  present  in  the  flow.  The  light  radiated  by  this 
species  may  be  detected  by  a  diode  array  or  a  CCD  camera 
(see  Hanson  ( 1 986)  and  McManus  and  al  ( 1 993 )). 

In  this  paper,  a  new  experimental  method  is  investigated 
based  on  the  imaging  of  spontaneous  emission  of  C2  radicals 
with  a  reconstruction  algorithm  based  on  the  Abel 
transformation  in  order  to  obtain  the  quantitative  C2 
concentration  field  in  the  flame.  This  technique  is  compared 
to  results  provided  by  OH  Laser  Induced  Fluorescence. 

The  two  diagnostics  were  applied  on  a  laminar 
axisymmetric  premixed  methane-air  flame  for  several  flow 
rate  and  fuel  air  ratios.  The  C2  Spontaneous  Emission 
Spectroscopy  Method  (C2  SES)  is  detailed  in  the  first  section 
of  this  study.  A  few  elements  of  OH  LIF  spectroscopy  are 
also  briefly  presented.  Then  the  experimental  apparatus  and 
the  calibration  of  the  C2  SES  and  OH  LIF  experiments  are 
described  in  the  second  section.  Finally  the  results  are 
compared  and  discussed  leading  to  a  better  understanding  of 
the  flame  front  behavior  by  C2  and  OH  imaging  techniques. 

THEORETICAL  STUDY  OF  C2  SES  AND  OH  LIF 

The  quantity  of  photons  per  unit  volume  emitted  by 
excited  radicals  during  the  combustion  reaction  depends  on 
the  population  of  the  chemical  species  produced. 

To  chose  an  efficient  flame  front  tracer,  a  spectrum  of  a 
premixed  laminar  propane-air  stretched  flame  has  been 
performed. 

The  most  intense  emission  corresponds  to  the  (0-0) 
transition  of  the  C2  Swann  system  (d^ng-a^nu).  The 
corresponding  wavelength  (516.5  nm)  belongs  to  the  visible 
spectrum  and  this  transition  can  be  efficiently  isolated  using  a 
narrow  bandwidth  ( I  nm)  interference  filter  centered  on  5 16.5 
nm. 

The  image  of  a  flame  throughout  the  filter  described  below 
provides  an  integrated  information  in  time  and  in  space.  The 
integration  time  corresponds  to  the  exposure  time  of  the 
optical  system  whereas  the  space  integration  deals  with  the 
optical  path  followed  by  the  emitted  beam  of  light  (Figure  I ). 


Figure  I  :  Space  integration  of  a  beam  of  light  through!  the 
cross  section  of  a  flame 

The  number  of  photons  reaching  each  pixel  of  the  flame 
image  has  consequently  the  following  expression: 

P(x,y) »  1 1  J l(x,y,z,t)exp(-az)dzdt 

tine  optical  patk 

l(x,y,z,t)  is  the  number  of  photons  emitted  per  second  and 
unit  volume  by  C2  radicals  in  the  solid  angle  determined  by 
,  the  aperture  of  the  optics.  The  variations  of  this  angle  are  less 
than  15%  in  the  axial  and  radial  directions  of  the  flame,  a 
takes  into  account  the  absorption  of  the  beam  throughout  the 
flame  and  t  its  attenuation  throughout  the  optical  apparatus 
For  stationary  laminar  and  optically  thin  (a  «  1 )  flames  this 
expression  leads  to: 


P(x,y)  =  t  x  time  exposure  x  j  l(x,y,z,t)dz 


Figure  2  :  Cross  section  of  an  axisymmetric  flame 
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Finally  for  an  axisymmetric  flame  the  new  variables 
showed  in  Figure  2  give  the  following  result: 

»  r 

P(x,y)  =  2  x  t  x  time  exposure  x  J  l(x,r)-j- ■ dr 

>  vr!->J 

The  expression  is  known  as  Abel  integral  whose  exact 
inversion  gives: 

l(x.r)  = - - - - - ]£-p(x<y)-.p\.. . 

x  x  time  exposure  J  yJ  _  r- 

We  can  now  obtain  by  image  processing  the  intensity  of 
light  locally  emitted  by  C2  radicals.  Due  to  the  finite  filter 
bandwidth,  the  collected  light  is  composed  by  different 
rotationnal  lines. 

A  spectroscopic  study  of  C2  spontaneous  emission  based 
on  Boltzmann  equilibrium  and  taking  into  account  the 
spectral  window  of  the  inteference  filter  leads  to  this  final 
expression: 


l(x,r)  =  N,x'F(T) 


Figure  3  :  Variations  of  q/  with  the  temperature 

Using  the  spectroscopic  constants  already  tabulated  (see 
Piar  (1993)),  a  study  of  vji(T)  is  possible.  The  curve  in  Figure 
3  shows  its  variation  with  temperature.  C2  radicals  are  located 
in  the  flame  front.  In  laminar  premixed  methane-air  flows  the 
temperature  varies  in  this  zone  between  1 500  K  and  2200  K 
For  these  values  the  dependence  of  v  with  T  is  slight  (less 
than  1 5%).  With  these  approximations  quantitative  values  of 
C2  concentration  can  be  obtained  from  the  expression  above 

For  OH  LIF,  the  q‘(7)  line  in  the  X2n(v"=0)-*A2I+ 


(v  ,=  l)  manifold  is  excited  with  pulse  energies  in  excess  of  10 
mj.  The  emission  (1.1)  band  is  isolated  and  detected  The 
broadband  fluorescence  includes  contributions  from  other 
rotational  states  populated  by  collisionnal  transfer.  The 
emission  from  these  other  slates  is  susceptible  to  quenching. 
The  analysis  made  is  restricted  to  regions  where  the 
temperature  and  the  concentration  are  expected  to  vary  slowly 
and  quenching  corrections  have  not  been  applied  to  the  data. 
In  addition,  loss  of  population  to  the  (0,0)  is  considered  to 
have  little  effect  on  these  results. 

DESCRIPTION  OF  THE  EXPERIMENTS 

The  C2  SES  and  OH  LIF  diagnostic  methods  are  applied 
in  an  axisymmetric  premixed  laminar  methane  air  flame  for 
fully  rich  (1.46)  and  slightly  rich  (1.25)  fuel  air  ratios.  The 
total  flow  rate  has  been  adjusted  in  order  to  obtain  a  stable 
laminar  flame.  The  flame  is  produced  by  a  laboratory  burner 
of  I  meter  long  and  9.5  mm  inner  diameter  studied  at  Gaz  de 
France  Research  Center  and  EM2C  Laboratory  for  C->  SES 
and  Gazunie  Research  for  OH  LIF. 


Figure  4  :  Experimental  set  up  for  C'2  SES  method 

The  images  of  C2  radicals  (Figure  4)  are  obtained  using  an 
intensified  CCD  video  camera  (Proxitronic  HFI).  The 
exposure  time  is  20  ms  The  other  elements  of  the 
experimental  set  up  are: 

-  a  narrow  band  (Inm)  interference  filter  (Melles  Griot) 
centered  at  the  (0-0)  band  of  the  Swan  system  (516.5  nm) 

-  a  video  digitizer  board  Matrox  PIP  1024  performing  frame 
grabbing  on  the  video  signal  from  the  camera.  It  has  a 
resolution  of  512x512  pixels  with  8  bits  ADC  depth 

-  an  imaging  software  (Visilog  3.11)  which  incorporates  both 
image  processing  and  analysis  libraries 
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In  order  to  obtain  quantitative  images  of  C2  radicals,  the 
response  of  the  CCD  camera  has  to  be  calibrated  from  zero  to 
the  maximum  level  of  illumination.  This  calibration  has  been 
performed  with  the  whole  imaging  system  (CCD.  intensifier, 
lenses,  filter)  to  take  into  account  the  global  system  response. 
The  experimental  method  used  for  this  calibration  consists  in 
taking  images  of  a  uniform  planar  source  of  light.  The  offset 
and  gain  of  the  frame  grabber  is  adjusted  with  the  following 
procedure.  The  camera  shutter  is  closed  and  the  signal  level 
(0.3  V)  is  digitized  The  offset  value  is  decremented  until  the 
corresponding  digital  value  has  the  averaged  value  of  0. 

The  same  procedure  is  performed  for  the  gain  adjustment. 
The  level  of  the  light  source  is  increased  until  the  signal  level 
reaches  IV.  The  corresponding  digital  value  is  incremented 
until  it  has  an  averaged  value  of  255.  Then  the  grabbed 
images  are  divided  by  the  maximal  value  reached  by  the 
pixels  leading  to  a  corrected  image  taking  into  account  the 
vignetting  and  the  pixel  response.  This  experiment  provides 
also  the  conversion  range  between  the  level  of  gray  scale  and 
the  number  of  photons  reaching  each  pixel  of  the  CCD  by 
adding  between  the  light  source  and  the  camera  several 
calibrated  density  filters  (Figure  5). 
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Figure  5  :  C2  SES  imaging  system  calibration  curve 

In  the  theoretical  study,  we  made  the  approximation  that 
the  light  emitted  by  each  probe  volume  along  the  flame's  cross 
section  is  focussed  at  the  same  location  on  the  image  plane 
This  approximation  eliminates  the  effect  of  depth  of  field.  The 
actual  phenomena  is  shown  in  Figure  6. 


The  image  of  the  collected  light  along  the  optical  axis 
corresponds  to  an  area  of  pixels.  This  area  has  been 
experimentally  evaluated  to  9  pixels.  Aside  from  this  effect, 
the  information  is  blurred  in  the  image  plane  due  to  the 
system  resolution  (less  than  2  pixels). 

OH  images  arc  obtained  by  laser  induced  fluorescence. 
The  OH  signal  is  averaged  over  100  laser  pulses  and  collected 
on  an  intensified  diode  array  (Figure  7)  Finally  the  images 
are  generated  by  translating  the  laser  beam  and  the  diode 
array  in  the  vertical  direction  in  steps  of  I  mm  using  precision 
positioners. 
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RESULTS  AND  DISCUSSION 


In  this  stud)'  we  have  used  C2  spontaneous  emission  and 
OH  LIF  to  vizualise  the  flame  front.  For  C2  SES  we  have 
shown  that  the  local  intensity  on  the  CCD  is  a  function  of  the 
total  C->  emission  on  the  optical  path  integrated  along  the  line 
of  sight.  The  raw  images  are  filtered  with  a  spatial  medium 
filter  to  take  into  account  the  diffusion  effect  described  above. 
The  convolution  is  performed  on  each  raw  of  the 
axisymmetric  image  by  the  Abel  integral  transform. 


The  results  (Figures  8  and  9)  show  that,  for  low  flow  rates 
and  fuel-air  ratios,  the  location  of  the  maximum  of  OH  and 
C2  intensities  are  in  good  agreement.  In  such  slightly  rich 
reactive  flows  the  flame  front  is  accurately  defined  by  these 
two  radicals.  We  can  notice  that  the  better  flame  front 
resolution  evaluated  by  the  C->  SES  method  is  due  to  the  short 
lifetime  of  these  radicals  compared  to  OH.  This  last  specie  are 
convected  by  the  (low  whereas  C2  emission  is  only  detected 
in  the  flame  front  region. 


Figure  8  :  OH  image  in  an  axisymmetric  premixed  methane  Figure  10  :  OH  image  in  an  axisymmetric  premixed  methane 

air  flame  (total  flow  rate  =■6. 75,  fuel  air  ratio™ 1 .25)  a*r  flame  (total  flow  rate  =6.78.  fuel  air  ratio™  1.46) 


Figure  9  :  C2  image  in  an  axisymmetric  premixed  methane  air  Figure  II  .  C2  image  in  an  axisymmetric  premixed  methane 

flame  (total  flow  rate  =6.75,  fuel  air  ratio*  1.25)  air  name  <lotal  n°w  rate  =6  78-  fucl  air  ratio™  1 .46) 
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For  higher  (low  rates  and  fuel  ratios,  OH  is  produced  in  the 
secondary  diffusion  reaction  zone  resulting  from  the  reaction 
of  the  ambient  oxygen  with  the  hot  fuel  rich  combustion 
products  of  the  premixed  flame  front.  C2  radicals  do  not  exist 
in  the  outer  diffusion  flame  (Figures  10  and  1 1 ). 

At  a  height  where  the  inner  and  the  outer  cones  are 
separated  the  maximum  of  OH  concentration  is  not  located  in 
the  premixed  reaction  zone  but  in  the  secondary  zone  (figure 
12).  On  the  opposite.  Ct  peaks  sharply  in  the  primary  zone 
where  OH  exihibits  a  small  plateau 


Figure  12  :  OH  and  Cj  profiles  at  the  upper  region  (15  mm 
from  the  burner)  of  an  axisymmetric  premixed  methane  air 
flame  (total  flow  rate=6.78,  fuel  air  ratio=l.78) 

Close  from  the  burner  the  OH  distribution  from  the  two 
cones  merge  to  form  a  broad  region  of  high  OH 
concentration,  the  C 2  profile  remains  sharp  (Figure  13).  Then 
only  C2  is  specific  of  the  premixed  flame  front. 


CONCLUSION 

Spontaneous  Emission  Spectroscopy  of  C2  radicals  was 
shown  to  be,  in  combination  with  Abel  integral  transform,  a 
good  diagnostic  technique  for  premixed  flame  front 
visualisation.  This  study  has  compared  the  distribution  of  OH 
and  C2  radicals  in  the  flame. 

The  short  chimical  lifetime  of  C2  compared  to  OH,  which 
is  convected  by  the  flow,  provides  a  better  spatial  resolution 
In  rich  reactive  flows  OH  is  an  accurate  tracer  of  the 
secondary  diffusion  reaction  zone  whereas  C2  emission  is 
only  detected  in  the  premixed  flame  front. 

C2  SES  diagnostic  can  provide  accurate  quantitative 
tomographic  information  in  flames  and  is  an  interesting 
complement  to  the  information  obtained  by  the  LIF  method. 
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LIST  OF  THE  SYMBOLS 

I(  x,  y,  z),  1(  x,  r  )  :  emitted  intensity  in  each  point  of  the 
flame  in  photons  per  second  and  unit  volume  in  the  solid 
angle  of  collection 

t  :  attenuation  coefficient  by  to  the  optical  system 

P(x,  y) :  number  of  photons  received  by  each  pixel 

a(x,  y,  z) :  absorption  coefficient 

r  and  R  :  current  and  maximal  radius  of  the  flame 

Nv:  total  fundamental  vibrationnai  population  of  C2  (m'3) 

>. :  wavelength  in  nm 
k  :  Boltzmann  constant 
c  :  celerity  of  light 
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ABSTRACT 

The  flow  structure  in  a  concentric  annular  geometry 
with  a  radius  ratio  of  0.506  has  been  investigated  for  inner 
cylinder  (centrebody)  rotation  rates  below  and  above  the 
critical  Taylor  number  for  one  Newtonian  and  two  non- 
Newtonian  fluids. 

For  the  Newtonian  fluid,  an  aqueous  solution  of 
glucose,  the  azimuthal  (tangential)  velocity  component  is 
in  excellent  agreement  with  theoretical  predictions  for 
Taylor  number  Ta  <  Tac  (i.e.  plane  Couette  flow).  The 
transition  from  plane  Couette  flow  to  a  flow  exhibiting 
toroidal  vortices  (Taylor  vortices)  is  clearly  identified  by 
the  abrupt  development  of  a  component  of  axial  velocity. 
Detailed  velocity  mappings  of  one  vortex  pair  in  both  the 
axial  and  tangential  directions  at  one  Taylor-  number  above 
the  critical  value  have  been  made,  together  with 
measurements  of  the  magnitude  of  the  maximum  axial  and 
tangential  velocities  at  two  other  Taylor  numbers.  The 
tangential  velocity  component  exhibited  a  periodic 
structure  of  the  same  wavelength  as  that  observed  for  the 
axial  component  with  the  extrema  corresponding  to  zero 
axial  velocity.  Higher  values  of  the  maximum  axial 
velocity  and  velocity  gradient  are  observed  closer  to  the 
centrebody  than  at  the  outer  wall  whilst  the  radial  location 
of  zero  axial  velocity  in  the  vortex  interim-  (i.e.  the  eye  of 
the  vortex)  moves  towards  the  outer  wall  with  increasing 
Taylor  number. 

Tire  first  non-Newtonian  fluid,  an  aqueous  solution  of 
Xanthan  gum,  which  is  strongly  shear  thinning  and 
slightly  elastic,  exhibited  a  slight  deviation  from  the 
theoretical  tangential  velocity  profile  for  a  power-law  fluid 
in  plane  Couette  flow  attributed  to  the  sensitivity  of  the 
profile  to  the  power-law  index,  n.  The  transition  to  Taylor 
flow  determined  by  the  increase  from  zero  in  the  axial 
velocity  component  is  much  more  gradual  and  less  well 
defined  than  for  the  glucose  solution.  The  detailed 
mapping  of  a  vortex  pair  conducted  at  a  single  Taylor 
number  revealed  a  similar  structure  to  that  observed  for 
the  Newtonian  fluid  although  the  asymmetry  in  the 
maximum  axial  velocities  is  more  marked  than  for  the 


Newtonian  case  with  a  significant  radial  shift  in  the 
location  of  the  vortex  eye  towards  the  centrebody.  It  was 
also  found  that  the  vortices  exhibit  a  slow  axial  drift  in  the 
direction  opposite  to  the  centrebody  rotation  vector 
whereas  there  was  zero  drift  for  the  Newtonian  case. 

Due  to  the  thixotropic  nature  of  the  second  shear¬ 
thinning  fluid,  a  Laponite/CMC  aqueous  blend,  it  was  not 
possible  to  identify  a  transition  point  from  plane  Couette 
flow  to  Taylor  flow.  Three  tangential  velocity  profiles 
measured  in  plane  Couette  flow  at  low  Taylor  numbers  are 
characteristic  of  a  yield-stress  fluid,  with  a  layer  of  gelled 
fluid  surrounding  a  region  of  rotating  fluid  dose  to  the 
centrebody.  A  detailed  mapping  of  a  vortex  pair  at  one 
Taylor  number  revealed  a  vortex  cell  structure  very  similar 
to  that  for  the  Xanthan  gum  suggesting  that  the  shear¬ 
thinning  aspect  of  the  fluid  rheology  for  both  non- 
Newtonian  fluids  was  far  more  significant  than  either 
thixotropy  or  viscoelasticity.  However,  an  axial  drift  was 
again  apparent  but  in  the  opposite  direction  to  that  for  the 
Xanthan  gum  suggesting  that  this  effect  is  associated  with 
the  differences  in  the  rheological  characteristics  of  the  two 
fluids. 

I.  INTRODUCTION 

The  cellular  motion  that  develops  in  the  fluid 
contained  between  two  concentric  cylinders  when  the 
rotation  speed  exceeds  a  critical  value,  strongly  dependent 
upon  the  radius  ratio,  was  discovered  and  analysed 
theoretically  and  experimentally  by  Taylor  in  1923.  The 
review  of  Stuart  (1986)  lists  nearly  a  hundred  subsequent 
papers  concerned  in  one  way  and  another  with  Tavlor- 
vortex  flows  whilst  Koschmieder  (1993)  puts  the  total  at 
about  three  hundred.  Although  some  quite  remarkable 
experiments  have  been  reported,  starting  with  those  of 
Taylor  himself  and  including  the  definitive  work  of 
Donnelly  (1958)  and  Coles  (1965),  almost  all  have  been 
limited  to  either  torque  measurements  or  visualisation  of 
flow  structures  through  the  outer  cylinder  wall  with 
considerable  emphasis  on  transitions  between  flow  states 
rather  than  the  internal  details  of  a  particular  flow  state 
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Hot-film,  laser  Doppler  anemometer  and  electrochemical 
current  measurements  of  power  spectra  have  also  been 
employed  to  detect  departures  from  the  axisymmetric 
structure  of  the  primary  Taylor  state  to  increasingly 
complex  wavy  vortices  as  the  Taylor  number  is  increased. 
In  view  of  the  interest  in  Taylor  vortex  flow  which  has 
continued  for  more  than  70  years,  it  seems  remarkable  that 
no  measurements  of  the  internal  structure  of  Taylor 
vortices  have  been  reported  hitherto. 

So  far  as  non-Newtonian  fluids  are  concerned,  the 
Taylor-vortex  literature  is  very  limited.  Recent  theoretical 
work  includes  the  finite-element  study  of  the  stability  of 
inelastic  non-Newtonian  fluids  in  Couette  flow  by  Lockett 
et  al  (1992)  based  upon  the  far  more  extensive  numerical 
work  of  Lockett  (1992)  which  also  includes  the  influence 
of  an  imposed  axial  flow  and  eccentricity'.  The  latter 
topics  are  also  being  investigated  experimentally  in  the 
wider  research  programme  of  which  this  study  of  Taylor 
vortices  is  a  part.  Previous  experimental  work  on  non- 
Newtonian  liquids  has  been  concerned  either  with 
detecting  the  critical  rotation  speed  for  the  onset  of  Taylor 
motion  or  using  the  critical  speed  to  determine  rheological 
properties. 

As  was  Lockett’s  (1992)  work,  the  present  study  was 
motivated  by  the  need  for  a  more  complete  understanding 
of  the  flow  of  drilling  fluids  in  the  annulus  created 
between  drillpipe  and  wellbore  during  oil-  and  gas-well 
drilling  operations.  The  selection  of  the  two  non- 
Newtonian  fluids  used  for  the  work  described  here  was 
strongly  influenced  by  the  viscometric  characteristics  of  a 
typical  drilling  fluid:  shear  thinning,  thixotropic, 
viscoelastic  and  formulated  to  gel  below  a  critical  shear 
(yield)  stress.  To  permit  the  use  of  laser  Doppler 
anemometry  for  the  detailed  flow  measurements,  it  was 
essential  that  the  fluids  were  also  optically  transparent.  Of 
the  two  fluids  selected,  one,  Xanthan  gum,  is  shear 
thinning  and  elastic  whilst  the  other,  a  Laponite/CMC 
blend,  is  shear  thinning  with  a  low  yield  stress  and 
thixotropic.  A  second  aspect  of  the  present  work  which 
was  influenced  by  the  relevance  to  drilling  situations  is  the 
geometry  of  the  apparatus.  The  radius  ratio  is  0.506  and 
the  aspect  ratio  (i.e.  annulus  length/gap  width)  is  233:1, 
which  is  considerably  higher  than  any  previous  wide-gap 
Taylor-vortex  apparatus.  Such  a  high  aspect  ratio  was 
essential  since  the  main  aim  of  the  research  programme 
was  the  investigation  of  fully  developed  flow  through  the 
annulus,  i.e.  a  combination  of  the  flow  produced  by  an 
imposed  axial  pressure  gradient  and  centrebody  rotation. 

Measurements  are  provided  which  reveal  the  influence 
of  fluid  rheology  on  the  tangential  velocity  distribution  for 
Couette  flow  and  on  the  tangential  and  axial  velocity 
distributions  within  Taylor  vortices.  Variations  in  the 
internal  vortex  structure  with  increasing  Taylor  number  are 
investigated  by  determining  the  changes  in  the  radial 
distributions  of  the  maximum  and  minimum  axial 
velocities  within  a  Taylor  cell. 


2.  EXPERIMENTAL  RIG  AND 
INSTRUMENTATION 

The  annular  test  section  comprises  six  precision-bore 
borosilicate  glass  tubes  (ID  100.4  ±  0.1  mm)  with  a 
50.8mm  diameter  thin-wal!  stainless  steel  inner  tube  giving 
a  radius  ratio  of  0.506.  The  outer  glass  tubes  are 
assembled  into  modules  with  matching  male/female 
stainless  steel  flanges  at  alternate  ends.  There  are  five 
modules  each  of  1.027m  length  and  one  of  0.64m,  which 
gives  an  overall  length  of  5.775m  and  a  length-to- 
hydrauiic  diameter  ratio  of  1 16.  The  centrebody  rotation 
speed  may  be  infinitely  varied  up  to  a  maximum  of 
I26rpm. 

Mean  flow  velocities  were  determined  using  a  Dantec 
Fibreflow  laser  Doppler  anemometer  (LDA)  system 
comprising  of  a  60X10  probe  and  55X12  beam  expander 
in  conjunction  with  a  Dantec  BSA  57NI0  Burst  Spectrum 
Analyzer  signal  processor  and  Hewlett  Packard  286/12 
microcomputer.  The  length  of  the  principal  axis  of  the 
LDA  measurement  volume  is  estimated  as  0.193  mm  in 
water.  Vortex  mappings  in  the  axial  direction  were  made 
by  traversing  the  probe  head  along  the  axis  of  the  annulus 
at  discrete  radii  within  the  annulus  gap.  Tangential  vortex 
mappings  were  achieved  by  rotating  the  probe  head 
through  90°  and  again  traversing  along  the  annulus  axis  at 
discrete  radii.  The  traversing  system  was  controlled  by  a 
microcomputer  (IBM  XT  PS2  model  30)  and  had  a  spatial 
resolution  ofO.OI5mm.  A  flat-faced  optical  box  containing 
castor  oil  (Rn  =  1.478)  was  positioned  over  the  pipe  at  the 
measurement  location  to  minimise  refraction  of  the  beams. 

Rheological  measurements  were  made  on  a  CarriMed 
controlled-stress  rheometer  (CSL  1 00)  using  a  combination 
of  cone-and-plate  and  parallel-plate  geometries  and 
employing  CarriMed’s  flow  equilibrium  software  for  the 
Laponite/CMC  blend.  Fluid  refractive  indices  were 
determined  using  an  ABBE  60/ED  high  accuracy 
refractometcr. 

3.  TEST  FLUIDS:  PREPARATION  AND 
RHEOLOGY 

The  first  (purely  polymeric)  non-Newtonian  fluid  was 
an  aqueous  solution  of  Xanthan  gum  and  the  second  a 
Laponite/CMC  blend.  For  comparison  purposes,  a  series 
of  experiments  was  also  carried  out  for  a  representative 
Newtonian  fluid,  a  mixture  of  glucose  syrup  and  water. 

A  working  quantity  of  each  fluid  was  prepared  by 
filtering  tap  water  prior  to  the  addition  of  the  glucose  or 
polymer  and,  for  the  blend,  the  Laponite  powder.  To  retard 
bacteriological  degradation,  a  small  quantity  (80-200  ppm) 
of  formaldehyde  was  added.  Seeding  particles  (Timiron 
MP-I005,  mean  diameter  -20  pm)  at  a  concentration  of 
I  ppm  were  added  to  improve  the  LDA  signal/noisc  ratio 
and  the  data  rate. 

Viscomctric  measurements  were  made  at  temperatures 
bracketing  those  observed  in  the  experimental  rig  and 


16.1.2. 


viscosit>  v  alues  used  in  data  reduction  arrived  at  by  linear 
interpolation.  Measurements  were  made  immediately 
before  and  after  each  flow  run  to  check  whether 
degradation  of  the  polymer  solutions  had  taken  place,  and 
the  fluids  discarded  if  this  was  the  case. 

The  Newtonian  fluid  used  was  a  2:1  w/w  glucose 
syrup  (Cerestar)  and  water  mixture  with  an  initial  viscosity 
p  =  0.065  Pa.s  at  20'C.  Due  to  water  evaporation,  the 
viscosity  gradually  increased  to  a  value  of  0.08  Pa.s  with 
no  measurable  change  in  either  density  or  refractive  index, 
which  were  1,265  kg/m3  and  1.436,  respectively. 

The  purely  polymeric  non-Newtonian  fluid  was  a 
0.15%  aqueous  solution  of  Xanthan  gum,  for  which  the 
viscosity  data  (Figure  1)  are  well  represented  by  the  Sisko 
model: 

P=P,.r(M)'"1  *  P. 

with  Xj  =  1 1.0  s,  n  =  0.437,  =  0.001  Pa.s  and  nnf  =  I 

Pa.s.  For  shear  rates  between  about  I  and  1000  s'1, 
Xanthan  gum  at  the  concentration  used  here  essentially 
behaves  as  a  power-law  fluid. 
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The  Laponite/CMC  blend  solution  was  nominally  a 
blend  of  aqueous  solutions  of  0.5%  Laponite  and  0.07% 
CMC  which  produces  a  thixotropic,  shear-thinning  fluid 
with  a  low  yield  stress  (Figure  I).  Due  to  the  known 
difficulties  of  characterizing  thixotropic  fluids  (Alderman 
et  al,  1988),  for  this  fluid  the  CarriMed  flow-equilibrium 
procedure  was  adopted  whereby  a  shear  stress  is  selected 
and  maintained  and  the  shear  rate  monitored  until  steady- 
state  conditions  are  achieved.  In  this  manner,  excellent 
reproducibility  of  viscometric  data  was  obtained.  The  data 
are  well  modelled  over  the  shear-rate  range  considered  by 
the  Casson  equation: 

^♦■Cr(M>* 

with  xy  =  0.99  Pa,  =  7.55  x  1 0'3  s  and  Tref  =  I  Pa. 

The  thixotropic  behaviour  of  a  typical  Laponite/CMC 
blend  is  illustrated  in  Figure  2  which  shows  two  curves  of 
viscosity  versus  time.  The  upper  curve  represents  the 
response  of  the  fluid  to  a  sudden  increase  in  imposed  shear 


stress  (from  0  Pa  to  15  Pa)  with  a  resulting  breakdown  of 
structure.  The  lower  curve  corresponds  to  the  buildup  of 
structure  when  the  shear  stress  is  suddenly  decreased  (from 
35  Pa  to  15  Pa).  The  timescales  for  both  buildup  and 
breakdown  are  seen  to  be  about  3.000  s,  so  that  the  time 
to  establish  an  equilibrium  flow  for  this  fluid  is  very  long 


Flgan  2.  Vkt-Hy  n  tat  far  L>p«altt/CMC. 


4.  EXPERIMENTAL  RESULTS 
4.1  Newtonian  Fluid 

For  the  glucose  solution,  monitoring  the  development 
of  an  axial  velocity  component  at  a  fixed  radial  location 
close  to  the  centrebody  (£  =  0.8)  as  the  centrebody 
rotation  rate  was  progressively  increased  proved  to  be  a 
very'  sensitive  and  repeatable  indicator  for  the  onset  of 
Taylor  flow:  the  results  of  two  separate  runs  for  this  fluid 
are  shown  in  Figure  3.  For  a  radius  ratio  of  0.506.  a 
critical  Taylor  number  of  4,500  would  be  consistent  with 
the  experiments  of  Donnelly  (1958).  The  lower  value  of 
3,700  found  here  is  thought  to  be  a  consequence  of  the 
departures  from  straightness  of  slight  centrebody  geometry'. 
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Once  the  transition  point  had  been  identified, 
tangential  velocity  profiles  were  measured  at  sub-critical 
Taylor  numbers  of  427  and  2,910  and,  as  seen  from 
Figure  4  found  to  be  in  excellent  agreement  with  the 
Newtonian  Couette  flow  profile. 


A  detailed  mapping  of  the  axial  and  tangential  velocity 
components  over  an  adjacent  pair  of  counter-rotating 
vortices  was  carried  out  for  a  supercritical  Taylor  number 
of  15,400  which  is  well  below  the  second  critical  Taylor 
number  at  which  the  axisymmetric  Taylor  vortex  flow 
becomes  unstable:  for  a  radius  ratio  of  0.5,  Synder  and 
Lambert  (1966)  put  die  second  critical  value  at  at  least  an 
order  of  magnitude  higher  than  the  first.  Flow  was 
established  by  pre-setting  the  rotation  speed  to  the  required 
value  and  then  switching  the  system  on  to  produce  a 
sudden  start  (full  rotation  speed  reached  in  a  few  seconds). 
The  mapping  was  then  performed  as  a  succession  of 
traverses  along  the  axis  of  the  geometry  at  fixed  radial 
locations.  The  vortices  were  found  to  be  stable  over  the 
timescale  of  the  experiment  and  to  exhibit  no  drift  along 
the  axis  of  the  geometry.  The  data  are  presented  in  Figure 
5  with  a  schematic  diagram  indicating  the  sense  of  axial- 
radial  circulation  within  the  vortices.  The  tangential 
velocity  component  (Figure  5b)  exhibits  an  axial 
periodicity  of  the  same  frequency  as  the  axial  component 
(Figure  5a)  but  lags  the  axial  component  by  90°  (i.e.  the 
maximum  and  minimum  tangential  velocities  correspond 
to  zero  axial  velocity).  From  Figure  5b  it  is  seen  that  the 
tangential  velocity  at  any  radial  location  is  highest  at  the 
boundary  between  adjacent  Taylor  cells  where  there  is 
radial  outflow  and  lowest  on  the  inflow  boundary.  This 
observation  is  consistent  with  considerations  of  angular- 
momentum  transport  with  reference  to  the  base  Couette 
flow.  In  contrast  with  a  potential  vortex,  fluid  transported 
radially  outward  carries  an  excess  of  angular  momentum 
leading  to  a  velocity  overshoot,  whilst  the  reverse  is  true 
for  fluid  transported  radially  inward.  It  may  also  be 
remarked  that  at  any  radial  location  the  departure  of  the 
tangential  velocity  from  the  theoretical  Couette-flow 
variation  exceeds  the  axial  velocity  at  that  location:  it  is 
clearly  inappropriate  to  regard  the  Taylor  vortex  motion  as 


a  minor  perturbation  of  the  underlying  Couene  flow. 
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The  overall  structure  of  the  motion  within  a  Taylor 
cell  is  clearly  revealed  by  the  streamlines  (Figure  6), 
computed  from  the  measurements  shown  in  Figure  5(a). 
The  axial  asymmetry  with  the  eye  of  the  vortex  closest  to 
the  radial  outflow  boundary,  would  seem  to  be  consistent 
with  the  asymmetry  in  the  tangential  velocity  commented 
on  above. 


Fifara  4.  StraaaKaa  yatlaraf  wltbta  Tartar  aartkaa  Far  flacaaa  aataltaa 
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16.1.4. 


The  maximum  axial  velocity  components  at  Taylor 
numbers  of  4,460.  15.400  and  25,100,  presented  in  Figure 
7,  confirm  that  both  velocities  and  velocity  gradients  are 
higher  in  the  vicinity  of  the  centrebody  titan  at  the  outer 
wall  of  the  annulus,  and  that  with  iKreasing  Taylor 
number  the  position  of  zero  velocity  (the  eye  of  the 
vortex)  moves  towards  the  outer  wall. 

4.2  XANTHAN  CUM 

Since  Xanthan  gum  may  be  considered  to  be 
essentially  a  power-law  fluid,  the  Taylor  number  was 
defined  as  suggested  by  Sinevic  et  ai  (1986)  with  the 
effective  viscosity  determined  from  the  theoretical  shear 
rate  prevailing  at  the  rotating  surface  for  Couette  flow  of 
a  power-law  fluid,  i.e.  yc  =  (2<o/n)  [1  -  ic®nj'1  with  values 
of  n  in  the  range  0.44  to  0.47. 

The  critical  Taylor  number  was  agan  determined  by 
monitoring  the  development  of  an  axial  velocity 
component  at  a  fixed  radius  with  changing  centrebody 
rotation  rates.  The  data  shown  in  Figure  3  reveal  that  the 
onset  of  Taylor  flow  is  much  more  gradual  than  was  the 
case  for  glucose.  This  is  at  variance  witit  the  conclusion 
of  Green  and  Jones  (1982)  who  found  that  the  increase  in 
torque  which  accompanies  the  onset  of  Taylor  flow  was 
just  as  abrupt  for  Xanthan  gum  and  polyacrylamide  as  for 
a  Newtonian  fluid.  From  the  present  work  it  may  be 
concluded  that  the  critical  Taylor  nmber  for  0.15% 
Xanthan  gum  is  about  10,000. 

The  two  tangential-velocity  profiles  Measured  in  plane 
Couette  flow  (Figure  4)  correspond  to  srib-critical  Taylor 
numbers  of  1,360  and  9,800.  Agreement  with  the 
theoretical  profile  appropriate  for  a  power-law  fluid  of 
index  0.44,  is  very  good,  although  the  data  fall  slightly 
closer  to  the  curve  for  an  index  of  n  =  0.5. 


Mappings  of  the  Taylor  vortex  structure  in  the  axial 
and  tangential  planes  were  conducted  at  a  supercritical 
Taylor  number  of  46.000  after  a  stabilization  time  of  about 
240  minutes.  It  became  apparent  during  the  mapping  that 
the  vortices  were  drifting  at  approximately  3-4  pm/s  along 
the  axis  of  the  geometry  opposite  to  the  direction  of  the 
centrebody  rotation  vector.  Due  to  the  exceptionally  long 


stabilization  times  predicted  by  Snyder  for  a  geometry  of 
this  length  and  fluid  viscosity  it  was  initially  thought  that 
the  drift  might  be  due  to  inadequate  settling  times.  Other 
possible  causes  were  thought  to  be  imperfections  in  the 
flow  geometry  or  the  rheological  characteristics  of  the 
fluid,  particularly  its  elasticity.  However,  as  will  be  seen 
in  the  next  section,  vortex  drift  was  also  observed  for 
Laponite/CMC,  but  in  the  opposite  direction  suggesting 
that  fluid  rheology  rather  than  geometry  or  settling  time 
was  the  underlying  cause.  As  for  the  Newtonian  case,  the 
tangential  velocity  component  (Figure  8b)  exhibits  a 
periodicity  of  the  same  frequency  as  the  axial  velocity 
component  (Figure  8a)  but  lags  the  axial  component  by 
90°  (i.e.  the  maximum  and  minimum  tangential  velocities 
correspond  to  zero  axial  velocity). 
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Streamline  patterns.  (Figure  9)  determined  from  the 
axial  velocity  measurements  again  reveal  the  overall 
structure  of  the  interior  motion.  The  essential  difference 
compared  with  the  observations  for  glucose  is  the  radial 
shift  of  the  vortex  eye  towards  the  centrebody,  i.e.  in  the 
direction  of  higher  shear  stress  and  lower  viscosity.  The 
maximum  axial  velocity  components,  also  measured  at  two 
additional  Taylor  numbers  (Figure  7),  confirm  the 
increased  radial  asymmetry  compared  with  the  Newtonian 
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fluid  with  significantly  higher  velocities  and  velocity 
gradients  in  the  near  centrebody  region. 


at  ■  TayW  iwkr  *f  4MH 

4.3  LAPONITE/CMC 

Given  the  long  equilibrium  times  associated  with  the 
thixotropic  character  of  the  Laponite/CMC  blend,  it  was 
not  practical  to  investigate  the  precise  onset  of  Taylor  flow 
by  progressively  increasing  the  rotation  speed.  Three 
profiles  were  measured  in  plane  Couette  flow  together 
with  one  detailed  vortex  mapping  at  the  highest  possible 
centrebody  rotation  rate.  As  for  Xanthan  gum,  the  Taylor 
number  has  been  defined  by  evaluating  the  apparent 
viscosity  at  the  centrebody  surface  at  a  shear  rate  yc 
corresponding  to  Couette  flow.  The  three  velocity  profiles 
in  Figure  10  are  well  represented  by  the  theoretical  results 
for  a  yield-stress  fluid  with  flow  restricted  to  the  inner 
region  of  the  annulus,  stationary  fluid  in  the  outer  annular 
region  and  the  yield  surface  located  progressively  closer  to 
the  outer  wall  as  the  centrebody  rotation  rate  increases. 


The  vortex  mapping  conducted  at  a  Taylor  number  of 
54,000  (Figure  11)  shows  similar  trends  to  those  seen 
previously  for  the  Newtonian  fluid  and  Xanthan  Gum. 
with  no  region  of  gelled  fluid  in  evidence.  Again  the 
vortices  were  found  to  exhibit  a  slow  drift  (3-4  pm/s) 
along  the  axis  of  the  geometry  but  now  in  the  direction  of 
the  centrebody  rotation  vector.  This  contrast  with  the 
behaviour  for  Xanthan  Gum  suggests  the  drift  is  a 


consequence  of  the  differences  in  fluid  rheology,  since  all 
other  influences  were  the  same  for  the  two  fluids.  The 
streamline  panems  (Figure  12)  are  remarkably  similar  to 
those  for  Xanthan  gum  suggesting  that  the  global  structure 
of  the  Taylor  vortices  is  determined  by  the  shear-thinning 
characteristics  of  these  two  fluids  and  not  significantly 
influenced  by  either  elasticity  or  thixotropy. 
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5.  CONCLUSIONS 

For  plane  Couette  flow  of  a  Newtonian  fluid,  the 
measured  azimuthal  (tangential)  velocity  component  is  in 
excellent  agreement  with  theoretical  prediction  and  the 
transition  from  plane  Couette  flow  to  a  flow  exhibiting 
Taylor  vortices  is  clearly  identified  by  an  abrupt  increase 
from  zero  in  the  axial  velocity.  Detailed  velocity  mapping 
of  a  vortex  pair  showed  the  tangential  velocity  to  exhibit 
a  periodic  structure  of  the  same  frequency  as  the  axial 
component  but  out  of  phase  by  90°.  Higher  values  of  the 
maximum  axial  velocity  and  velocity  gradient  are  observed 
closer  to  the  centrebody  than  the  outer  wall  with  the  eye 
of  the  vortex  moving  towards  the  outer  wall  with 
increasing  Taylor  number.  Streamline  patterns  determined 
from  the  measured  axial  velocities  show  that  there  is  an 
appreciable  axial  asymmetry  in  the  vortex  structure,  with 
the  eye  of  the  vortex  closest  to  the  radial  outflow 
boundary  where  the  tangential  velocity  was  found  to  lie 
above  the  Couette-flow  profile  in  contrast  to  the  inflow 
boundary  where  it  was  lower. 

Measurements  for  0.15%  Xanthan  gum  were  again  in 
close  agreement  with  the  theoretical  tangential  velocity 
profile  for  a  power-law  fluid  in  plane  Couette  flow 
although  there  was  evidence  of  sensitivity  to  the  power- 
law  index,  n.  The  transition  to  Taylor  flow  was  marked  by 
a  more  gradual  increase  from  zero  in  the  value  of  the  axial 
velocity  component  A  slow  drift  of  die  vortices  along  the 
axis  of  the  annulus  was  attributed  to  the  elastic  character 
of  the  fluid.  The  tangential  and  axial  velocity  components 
exhibited  similar  periodicity  to  that  observed  for  the 
Newtonian  fluid.  The  radial  asymmetry  in  the  vortex 
structure  was  more  marked  than  for  glucose  with  the  eye 
of  the  vortex  closer  to  the  centrebody. 

The  thixotropic  nature  of  the  Laponite/CMC  blend  did 
not  permit  precise  identification  of  the  transition  point 
from  plane  Couette  flow  to  Taylor  flow.  Tangential 
velocity  profiles  measured  in  plane  Couette  flow  are 
characteristic  of  a  yield-stress  fluid,  with  flow  being 
restricted  to  inner  region  of  the  annulus.  No  region  of 
gelled  fluid  was  observed  above  the  critical  Taylor  number 
and  the  vortex  cell  structure  found  to  be  remarkably 
similar  to  that  for  the  Xanthan  Gum  suggesting  that  the 
shear-thinning  aspect  of  the  fluid  rheology  is  far  more 
important  than  either  thixotropy  or  viscoelasticity  whereas 
the  axial  drift,  in  the  opposite  direction  to  that  of  Xanthan 
gum,  is  more  likely  to  be  associated  with  thixotropy. 
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NOMENCLATURE 

n  power-law  exponent  for  fluid  viscosity 

r  radial  distance  from  pipe  centreline  (m) 

Rl  outer  radius  of  centrebody  (m) 

R„  refractive  index 

R0  inner  radius  of  outer  tube  (m) 

Ry  radial  location  of  yield  surface  (m) 

Ta  Taylor  number 

Tac  critical  Taylor  number 

u  axial  component  of  velocity  (m/s) 

maximum  axial  velocity  (m/s) 
v  tangential  component  of  velocity  (m/s) 

z  axial  distance  along  annulus  (m) 

y  shear  rate  (s'1) 

yc  shear  rate  at  centrebody  (s  ') 

k  radius  ratio  R/R0 

>.c  constant  in  Casson  model  (s) 

ks  constant  in  Sisko  model  (s) 

p  dynamic  viscosity  (Pa.s) 

p(ef  reference  viscosity  (I  Pa.s) 

p,  infinite  shear-rate  viscosity  (Pa.s) 

4  non-dimensional  radial  location  (R0  -  r)/(R0  -  R,) 

x  shear  stress  (Pa) 

tItf  reference  shear  stress  ( I  Pa) 

Ty  fluid  yield  stress  (Pa) 

ty  non-dimensional  stream  function 

0)  angular  velocity  of  centrebody  (rad/s) 
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ABSTRACT 

LDV  measurements  of  the  three-dimensional  velocity 
flowfield  in  the  confined  swirling  flow  generated  by  a 
rotating  cone  are  presented.  The  reported  measurements 
covered  two  particular  regimes  exhibiting  bubble-type  of 
vortex  breakdown.  The  corresponding  Reynolds  numbers 
were  Re  =  2200  and  2570,  with  values  of  the  confinement 
parameter  H/R  =  2  and  3.  respectively.  The  former  regime 
displayed  single  breakdown,  while  the  latter  regime  was 
characterized  by  double  breakdown.  The  present 
measurements  and  flow  visualization  have  corroborated  the 
axisymmetry  of  the  flowfield  associated  to  bubble-type  of 
vortex  breakdown  already  observed  in  different  flow 
geometries. 


1.  INTRODUCTION 

The  words  "vortex  breakdown"  (VB)  are  nowadays 
assentingly  used  to  describe  an  abrupt  change  in  the 
structure  of  the  core  of  a  swirling  flow.  When  a  certain 
critical  state,  determined  by  the  Reynolds  number  and  the 
geometry  of  the  swirl  generator,  is  reached,  the  flow  in  the 
axis  undergoes  a  drastic  deceleration,  leading  to  the 
occurrence  of  a  stagnation  point  with  the  concomitant 
enlargement  of  the  core,  often  associated  to  regions  of 
recirculating  flow.  The  phenomenon  may,  however,  present 
distinctive  features,  depending  upon  the  case,  as  it  has  been 
reported  to  occur  in  a  panoply  of  circumstances. 

The  major  general  classification  of  the  different  forms  of 
VB  divides  them  into  two  categories:  the  "bubble-type"  and 
the  "spiral-type",  the  former  usually  displaying  a  high 
degree  of  axisymmetry  and  the  latter  being  intrinsically 
non-ax isymmetric.  Nevertheless,  since  the  first  recognized 
observation  of  VB,  by  Peckham  and  Atkinson  (1957).  in  the 
tip  vortices  of  a  delta-winged  aircraft,  the  problem  has 
received  the  attention  of  many  other  researchers,  giving  rise 
to  the  discovery  of  a  number  of  sub-categories.  The 
complexity  of  VB  flows  and  its  sensitivity  to  external 
disturbances  advised  the  implementation  of  experimental 
apparatus  where  the  phenomenon  might  be  accurately 
investigated  under  controlled  conditions.  The  tube  flow  with 
swirl  generated  by  an  upstream  guidcvanc  arrangement  was 
widely  used,  first  by  Harvey  (1962)  and  later  by  several 
others ,  e.g.,  Sarpkaya  (1971),  Falcr  (1976),  Falcr  and 


Lcibovich  (1977),  Escudicr  and  Keller  (1983),  and  Bomstein 
and  Escudicr  (1984).  Escudicr  and  his  co-workers  have  also 
used  another  apparatus  (Escudier  el  al.  1980  and  Escudicr  el 
al,  1982),  the  slit-tube  arrangement,  exhibiting  the 
advantage  of  a  resulting  vortex  core  which  was  relatively 
thin,  although  the  swirling  flow  has  been  found  to  be 
slightly  asymmetrical.  A  third  experimental  device  which 
has  been  employed  in  many  investigations  was  the 
cylindrical  container,  where  the  fluid  motion  is  produced  by 
a  rotating  endwall  (see,  e.g.,  Escudier,  1984  and  Spohn  et  al. 
1993).  Mainly  due  to  the  fact  that  for  this  configuration  the 
boundary  conditions  are  precisely  specified,  successful 
numerical  simulations  have  been  recently  also  performed  for 
this  geometry.  These  were  reported  in  a  series  of  papers  by 
Lopez  (1990),  Brown  and  Lopez  (1990),  and  Lopez  and 
Perry  (1992).  Despite  the  fact  that  the  flow  visualization 
studies  have  probably  played  the  dominant  role  in  this  line 
of  research,  detailed  and  very  reliable  measurements  of 
bubble-type  breakdown  have  also  been  camied  out  (Faler  and 
Lcibovitch.  1978  and  Bomstein  and  Escudier.  1984)  using  a 
non-intrusive  technique,  laser-Doppler  velocimctry  (LDV). 
It  is  undeniable  that  the  complete  and  accurate  mapping  of 
the  internal  structure  of  VB  flows  represents  an  invaluable 
contribution  towards  the  understanding  of  the  underlying 
mechanisms. 

From  the  practical  viewpoint,  the  relevance  of  the 
aforementioned  studies  cannot  be  neglected,  as  VB  occurs 
not  only  in  unconfined  flows,  as  in  the  above  cited  case  of 
delta  wings,  but  particularly  in  numerous  confined  swirling 
flows,  such  as  those  inside  furnaces  and  combustion 
chambers,  in  draft  tubes  of  water  turbines  and  in  the  outlet 
casing  of  axial  turbomachinery.  While  in  the  mentioned 
cases  where  combustion  is  present  the  occurrence  of  VB  may 
be  beneficial,  as  the  zones  of  turbulent  recirculating  flow  are 
suitable  for  flame  stabilization,  in  the  remainder  cases  it  has 
pernicious  consequences  as  it  results  in  undesirable  pressure 
loss  and  structural  vibrations. 

The  above  referred  variety  of  cases  and  associated 
geometries  suggested  the  idea  of  investigating  the  behavior 
of  VB  structures  generated  inside  a  slightly  more 
complicated  geometry.  In  the  present  paper  an  experimental 
study  of  confined  swirling  flow  generated  by  a  rotating  cone 
is  described.  The  main  objective  of  the  reported 
investigations  is  to  apply  LDV  techniques  to  accurately 
characterize  the  core  structure  of  the  flow,  with  special 
emphasis  put  on  the  occurrence  of  VB  and  its  consequences 
in  the  surrounding  flowfield. 
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Herein,  detailed  measurements  of  the  three-dimensional 
velocity  field  associated  to  bubble-type  VB  arc 
complemented  with  flow  visualization.  The  next  section 
describes  the  experimental  arrangement,  presents  details  of 
the  flow  configuration,  of  the  lascr-Dopplcr  vclocimcicr  and 
flow  visualization.  In  Section  3.  the  results  of  the  present 
work  are  shown  and  discussed.  The  last  section  summarizes 
the  main  findings  of  this  study. 


2.  EXPERIMENTAL  ARRANGEMENT 
2.1  Flow  Configuration 

The  essential  features  of  the  experimental  setup  arc 
schematically  shown  in  Fig.l.  The  swirling  flow  is 
generated  inside  a  DURAN  glass  cylinder  with  an  inner 
radius  R  *  50  mm  and  the  length  //  may  be  adjusted,  up  to 
H/R  =  4.  using  the  screw  fixed  to  the  top  wall.  The  rotating 
cone.  (H/R)eemt  =  1.  is  driven  by  an  electronically  controlled 
motor  which  velocity  is  adjustable  in  a  continuous  range  up 
to  1500  rpm  (Q  =  157  rad/s).  The  working  fluid  employed 
for  the  LDV  measurements  was  "baby  oil",  a  colorless  oil 
mixture,  aiming  to  avoid  the  loss  of  applicability  of  LDV 
due  by  changes  of  position  of  the  measuring  volume  which 
occur  when  the  light  passes  through  solids  and  fluids  of 
different  refractive  index.  By  refractive  index  matching,  this 
fluid  allowed  to  eliminate  the  problem  of  distortion  of  the 
optical  paths  through  the  curved  surfaces  in  the  liquid  flow, 
so  that  reliable  measurements  close  to  the  walls  could  be 


TEMPERATURE 

CONTROL 


Fig.  1  Geometrical  flow  configuration 


carried  out.  In  order  to  ensure  stable  operating  conditions 
(constant  viscosity  and  refractive  index)  it  was  necessary  to 
immerse  the  cylindrical  container  in  a  thermostatically 
controlled  bath  of  the  same  working  fluid,  with  temperature 
adjusted  up  to  ±  0.1  °C,  using  a  GRANT  TD  immersion 
thermostat  and  water  cooling.  The  viscosity  values  have 
been  obtained  employing  a  digital  viscometer 
BROOKFIELD  model  DV-I1.  Due  to  the  pureness  of  the 
working  fluid,  it  was  further  necessary  to  add  polystyrene 
spherical  particles  (d  -  1  pm)  to  the  oil,  so  that  a  reasonable 
signal-to-noisc  ratio  could  be  obtained. 

After  flow  visualization  two  regimes  were  selected  to  be 
studied  in  detail,  covering  the  aspect  ratios  H/R  =  2  and  3. 
The  Reynolds  numbers  characterizing  these  cases  were 
Re  =  £2R2iv  =  2200  and  2570,  respectively. 

2.2  Instrumentation 

The  measurements  were  obtained  using  a  two-component 
LDV  system.  A  3W  (nominal)  Ar-ion  laser  was  employed  as 
laser  source  for  the  vclocimcicr.  which  was  operated  in  the 
dual -beam  (two  green  and  two  blue)  backward-scalier  mode 
and  included  acousto-optic  modulator  to  provide  sensitivity 
to  the  flow  direction.  A  shift  frequency  of  200  kHz  was  used. 
The  principal  characteristics  of  the  velocimeter  are 
summarized  in  Table  1. 

Table  1  Principal  characteristics  of  the 
lascr-Dopplcr  velocimeter 


3W  (nominal)  Ar-ion  laser  —  wavelengths: 
green:  514.5  nm 

blue:  488.0  nm _ 

Virtual  beam  waist  diameter.  @  1/e2  points:  1.4  mm 
Focal  length  of  focusing  lens:  350  mm 
Half-angle  of  beam  intersection: 
measured  (in  air):  4.086° 
calculated  (in  working  fluid):  2.774° 

Fringe  separation  in  working  fluid: 
green:  5.315  pm 

blue:  5.042  pm _ 

Number  of  fringes  within  the  control  volume:  31 
Calculated  dimensions  of  measuring  volume.  @  1/e2 
points,  in  working  fluid: 

major  axis  of  the  ellipsoid: 
green:  3.384  mm 
blue:  3.210  mm 
minor  axis  of  the  ellipsoid: 
green:  0.164  mm 

blue:  0.155  mm _ 

Vclocimcicr  transfer  constants: 
green:  5.315  (ms')/MHz 

blue:  5.042  (ms-‘)/MHz  _ 


The  backward-scatter  light  (green  and  blue)  was  collected 
through  the  transmitting  and  receiving  lenses  and  focused 
into  the  multimode  receiving  fiber.  The  received  light  from 
the  multimode  fiber  was  collimated  with  the  double-input 
coupler.  The  collimated  received  tight  was  directed  into  a 
color  separator  to  separate  the  light  of  the  two  velocity 
components.  Then,  the  photomultiplier  output  signals  were 
monitored  in  a  two-channel  oscilloscope,  filtered  and 
processed  using  a  double  counter  (TSI  1990C)  interface  with 
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Fig.  2  Optical  arrangement  and  signal  processing 


•  digital  computer,  as  shown  in  Fig.  2.  The  velocity  values 
were  evaluated  by  ensemble  averaging,  calculated  from  5000 
samples,  using  the  TSI  FIND  Software.  This  software  was 
also  used  to  control  an  ISEL  three-dimensional  traversing 
system,  where  the  fiberoptic  probe  containing  the 
transmitting  and  receiving  optics  was  mounted.  The  test 
section  was  held  stationary.  In  order  to  map  the  three- 
dimensional  velocity  flowfield,  two  travelings  through 
centerplanes  of  the  test  section  were  carried  out  for  stations 
along  the  axial  direction.  In  the  first  traversing,  the  axial 
and  radial  components  (u  and  v)  were  measured,  while  during 
the  second  traversing,  performed  in  a  direction  normal  to  the 
previous  one.  data  to  compute  the  swirl  component  (w)  was 
acquired. 

The  velocity  measurements  may  be  affected  by  non- 
lurbulent  Doppler  broadening  errors,  due  to  gradients  of 
mean  velocity  across  the  measuring  volume  (see,  e.g..  Durst 
el  al,  1981).  The  maximum  error  in  the  mean  velocity  value 
was  estimated  to  be  normally  at  least  four  orders  of 
magnitude  smaller  than  the  maximum  velocity  in  the  flow. 
On  the  other  hand,  random  errors  associated  to  the  statistical 
evaluation  of  the  mean  velocity  values  were  found  to  be 
below  3%,  according  to  the  analysis  referred  by  Yania  and 
Smith  (1978)  for  a  93%  confidence  level. 

2.3  Flow  Visualization 

The  fluid  motion  inside  the  cylinder  was  made  visible  by 
light  reflecting  the  seeding  particles  in  the  oil.  A  lateral 
laser  light  illuminated  the  cylinder  centcrplanc  and 
photographs  were  taken  at  right  angle  to  the  sheet  of  light. 
Still  photographs  were  obtained  with  3200  ASA  film,  using 
exposure  times  of  1/15  to  1/2  seconds. 


3.  RESULTS 

The  angular  speed  Cl  of  the  cone  was  gradually  increased, 
starting  from  rest.  This  originated  the  development  of  a 


rotating  boundary  layer  on  the  cone  surface  which  caused  a 
centrifugal  pump  effect,  sending  the  fluid  radially  outwards 
in  spiral  trajectories.  Due  to  the  presence  of  the  cylinder 
walls,  the  fluid  was  then  forced  to  spiral  up  them,  giving  rise 
to  the  establishment  of  a  sidewall  boundary  layer.  Except  for 
the  losses  caused  by  viscous  dissipation,  the  fluid  conserved 
its  angular  momentum,  until  reaching  the  lop  stationary 
wall.  Then,  another  boundary  layer  is  formed,  decelerating 
the  fluid  in  the  vicinity  of  the  wall.  As  the  radial  pressure 
forces  had  to  be  compensated  by  the  centrifugal  forces,  the 
fluid  trajectory  radius  was  reduced,  directing  the  flow  towards 
the  axis.  Then,  by  continuity,  the  spinning  cone  further 
sucked  the  fluid  from  the  axis  of  the  top  wall,  again  in  a 
spiral  motion  downwards  to  the  tip  of  the  cone.  These 
features  were  observed  during  the  flow  visualization  that  was 
carried  out  prior  to  the  detailed  measurements.  It  guided  the 
selection  of  the  regimes  to  study  and  also  the  choice  of  the 
measurement  locations. 

Figures  3a  and  3b  show  the  flow  patterns  inside  the 
cylinder,  for  HlR  =  2,  Re  =  2200  (case  1 ),  and  for  H/R  =  3, 
Re  =  2570  (case  2),  respectively.  The  photographs  reveal 
fully  developed  recirculation  bubbles  in  the  core  flow, 
indicating  single  breakdown  for  case  1  and  double 
breakdown  for  case  2.  It  was  possible  to  observe  that,  close 
to  Re  =  1350,  in  case  1  (single  breakdown),  and  Re  =  2240 
in  case  2  (double  breakdown,  simultaneous),  spiral  structures 
were  formed.  With  a  small  increase  in  Cl,  these  structures 
were  radially  stretched,  giving  place  to  the  aforementioned 
recirculation  bubbles,  as  a  central  stagnation  point 
appeared. 

Figures  4a  and  4b  display  the  velocity  vectors  formed  by 
the  measured  axial  and  radial  velocity  components, 
corresponding  to  case  1  and  case  2,  respectively.  As  in  the 
flow  visualization  study,  case  1  was  characterized  by  the 
presence  of  a  significantly  stretched  (radially)  single 
bubble,  while  case  2  exhibited  a  regular  bubble  near  the  lop 
wall  and  a  second  more  elongated  (longitudinally)  one  closer 
to  the  cone.  Throughout  the  bubbles  interior  it  can  be  seen 
that  the  fluid  velocities  are  very  low,  which  implies  that 


these  are  regions  of  practically  uniform  pressure.  The 
measurements  further  confirmed  the  axisymmciry  of  the 
present  flow  cases. 
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Rg.  3  Row  visualization 

a)  Studied  regime  for  H/R  =  2 

b)  Studied  regime  for  H/R  =  3 


Fig.  4  Measured  velocity  vectors  (u,v) 

a)  Studied  regime  for  H/R  =  2 

b)  Studied  regime  for  HIR  =  3 
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Fie  5  Profiles  of  w-velocity  component 
a)  Studied  regime  for  MR  =  2;  b)  Studied  regime  for  MR  =  3 


The  evolution  of  the  swirl  component  along  a 
centerplane  is  portrayed  in  Figs.  5a  and  Sb.  The  most 
remarkable  features  are  the  high  gradients  in  the  cone  region 
and.  moving  upwards  into  vortex  breakdown  locations,  the 
development  of  double-zoned  velocity  profiles.  It  is 
discernible  that  the  presence  of  a  recirculation  bubble  yields 
a  region  of  low  swirl  velocity,  while  an  outer  region  with 
higher  swirl  can  also  be  identified  in  these  profiles.  Both 
regions  display  almost  constant  values  of  swirl  velocity. 
The  magnitude  of  this  effect  was  observed  to  be  correlated 
with  the  strength  of  the  recirculation  bubble. 


4.  CONCLUSIONS 

Flow  visualization  and  detailed  LDV  measurements  of  the 
three  velocity  components  in  the  confined  swirling  flow 
generated  by  a  routing  cone  have  been  presented  for  two 
distinct  flow  conditions.  These  were  characterized  by  the 
presence  of  bubble-type  vortex  breakdown.  For  MR  =  2  and 
Re  =  2200,  single  breakdown  was  observed,  while  for 
MR  =  3  and  Re  =  2570  the  flow  displayed  double  breakdown. 
Both  the  flow  visualization  and  the  measurements  have 
shown  that  the  flowfield  was  axisymmctric. 

The  features  exhibited  by  the  present  flow  problem  were 
similar  to  those  reported  for  the  rotating  endwall  (disk) 
problem.  However,  the  investigated  geometry  have  shown 
different  subility  characteristics. 
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ABSTRACT 

The  laminar-turbulent  transition  of  a  viscous  incom¬ 
pressible  fluid  flow  in  the  gap  between  two  concentric 
spheres,  where  only  the  inner  sphere  rotates  (spherical 
Couette  flow),  was  investigated  by  laser-Doppler- 
velocimetry  and  simultanously  flow  visualization 
measurements  for  the  case  of  two  relatively  wide  gap 
widths  (p  =  0.33  and  3  *  0.S),  where  Taylor  vortices  do 
not  exist.  At  the  stability  threshold,  where  the  laminar 
basic  flow  loses  its  stability,  the  first  instability  mani¬ 
fests  itself  as  a  break  of  the  spatial  symmetry  and  non- 
axisymmetric  secondary  waves  with  spiral  arms  occur. 
They  spread  from  the  pole  to  the  equator.  With  in¬ 
creasing  the  Reynolds  number  above  the  critical  one, 
the  number  of  secondary  waves  with  spiral  vortices 
decreases.  During  the  laminar-turbulent  transition, 
these  secondary  waves  are  periodic  in  time,  quasi-perio- 
dic  and  then  they  lose  their  stability  to  turbulence. 

t  INTRODUCTION 

We  consider  the  flow  between  two  concentric  spheres 
as  Illustrated  in  figure  I  with  the  inner  sphere  rotating 
and  the  outer  one  at  rest.  This  flow  can  be  characterized 
by  the  following  control  parameters:  The  aspect-ratio 
3  *  <Rj-R,)/R,  and  the  Reynolds  number  Re  *  (R^u^/v, 
where  Rt  and  Rj  are  the  Inner  and  outer  radii,  u,  is  the 
angular  velocity  of  the  inner  sphere  and  v  is  the  kine¬ 
matic  viscosity. 

Earlier  experimental  investigations  on  spherical  Couette 
flow  were  restricted  to  small  and  medium  gap  widths, 
where  Taylor  vortices  exist  as  reported  by  Sawatzkl  ft 
Zicrep  (1970),  Munson  ft  Menguturk  (t97S),  Wimmer 
(1976).  Yavorakaya  et  a/.  (1980),  Wimmer  (1981),  BUhler 
(198S)  and  BUhler  ft  Zierep  (1984,  1986). 

Although  spherical  Couette  flow  is  more  relevant  to 
astrophysical  and  geophysical  applications,  in  compari¬ 
son  with  the  Taylor-Couette  flow  system  (e.g.  Fenster- 
macher  et  a/.  1979,  Andereck  et  al.  1986,  Buzug  et  al. 
1992, 1993,  v.  Stamm  et  a/.  1993),  the  dynamic  behaviour 
during  the  laminar-turbulent  transition  of  the  flow  be¬ 
tween  two  concentric  spheres  has  been  studied  less 
(e.g.  Belyaev  et  al.  1984,  Nakabayashi  ftTsuchida  1988). 


In  this  study  some  new  aspects  of  the  dynamic 
behaviour  in  the  spherical  Couette  flow  during  the 
transition  to  turbulence  for  a  wide  range  of  Reynolds 
numbers  and  for  the  case  of  wide  gap  widths  are  pre¬ 
sented.  The  instabilities  arising  are  in  contrast  to 
Taylor-instabilities  (Taylor  1923).  They  occur  in  the 
form  of  non-axisymmetric  secondary  waves  with  spiral 
arms,  which  break  the  spatial  symmetry-behaviour  of 
the  basic  flow.  With  increasing  the  Reynolds  number, 
the  number  of  secondary  waves  with  spiral  arms  de¬ 
creases,  before  the  flow  loses  its  stability  to  turbulence 
(Egbers  1994).  In  earlier  works,  this  transition  was 
thought  to  be  a  direct  transition  into  turbulence  without 
the  existence  of  instabilities  (e.g.  Munson  ft  Menguturk 
1975). 

Therefore,  in  this  work  we  want  to  give  some  additional 
quantitative  estimates  for  the  existence  of  a  transition 
region  during  the  laminar-turbulent  transition  and  for 
the  onset  of  turbulence. 


I 


Fig.  I:  Principle  sketch  of  the  spherical  Couette  flow 
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Experimental  results  connected  with  the  problems  of 
stability,  bifurcation,  non-axisymmetry,  periodicity  and 
turbulence  in  the  spherical  Couette  flow  will  be  dis¬ 
cussed.  These  experiments  can  serve  on  one  hand  as  a 
quantitative  improvement  of  our  previous  experiments 
(Egbers  19941  and  on  the  other  hand  as  a  test  for 
future  quantitative  measurements  connected  with  the 
characterization  of  period-doubling  phenomena. 

Nevertheless,  the  model  of  the  concentric  spherical 
Couette  flow  is  of  basic  Importance  especially  for  the 
understanding  of  the  chaotic  behaviour  as  observed  in 
geophysical  and  astrophysics!  motions. 


2  EXPERIMENTAL  METHODS 

2.1  Experimental  apparatus 


An  experimental  set-up  for  spherical  Couette  flow 
was  constructed,  consisting  of  an  inner  sphere  rotating 
concentrically  inside  another  rotating  outer  spherical 
shell.  A  principle  sketch  of  the  experimental  apparatus 
is  illustrated  in  figure  2: 


Fig.  2:  Principle  sketch  of  the  experimental  apparatus 

The  outer  sphere  (Rj  *40. 00*0. 02  mm)  is  composed  of 
two  transparent  acrylic  plastic  hemispheres.  The  upper 
hemisphere  has  a  spherical  outer  surface  of  about 
0  *  0  s  110  °  to  investigate  whether  the  occuring  flow 
patterns  are  symmetric  with  respect  to  the  equatorial 


plane  or  not. The  inner  sphere  is  made  out  of  aluminium 
having  the  five  various  radii  R,  shown  in  table  t,  to  va¬ 
riate  the  aspect  ratio  fi  In  a  range  between  0.08  s  p  s  O.S. 


No. 


1 

2 

3 

4 

5 


radlua  R,  of  Inner  spheres 
[mm] 

37.00  s  0.01 
33.96  *  0.02 
32.03  *  0.02 
29.95  *  0.03 
26.70  *  0.01 


aspect  ratio  6 
5  *  (Rj-  Rjl/R, 
0.08 
0.18 
0.25 
0.33 
0.S0 


Table  I:  Dimensions  of  inner  spheres  and  variation  of 
aspect  ratio  (radius  of  the  outer  sphere: 

Rj  =  40.00*0.02  mm) 
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Fig.  3:  Schematic  view  of  the  experiment  control 
(principle  of  temperature  control  and 
rotation  rate  measurement) 


Generally,  both  spheres  can  be  rotated  independently 
by  means  of  two  belt-drives.  The  eccentricity  between 
outer  and  inner  sphere  could  be  minimized  to  tO.OISmm 
using  high  precision  bearings  and  shafts.  Two  different 
synchronous  motor  drives  were  adapted,  which  provide 
a  uniform  and  stable  rate  of  rotation  up  to  n  =  850 
rev/mln  with  fluctuations  of  less  than  1.5%  They  variate 
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the  Reynolds  numbers  of  the  inner  and  outer  sphere 
respectively  in  a  range  from  0  to  Re  =  10®.  The  revo¬ 
lutions  were  calibrated  using  an  optical  tracking 
system  (optical  coupling).  Most  of  our  experiments 
were  carried  out  by  increasing  the  Reynolds  number 
quasistationary  from  zero.  However,  because  the  occu- 
ring  flow  structures  depend  also  on  initial  conditions, 
the  acceleration  rate  for  both  spheres  can  be  variated. 
A  schematic  view  of  the  experiment  control  is  illustrated 
in  figure  3: 

Experiments  with  the  spherical  Couette  flow  system 
were  carried  out  in  a  laboratory  condition,  where  the 
temperature  could  be  kept  uniformly  up  to  *  0.3  °C. 
Since  the  viscosity  of  the  silicone  oils,  which  were  used 
as  working  fluids,  vary  by  approximately  2*/°C,  the 
temperature  must  be  precisely  controlled  and  measured 
in  order  to  have  a  well-defined  Reynolds  number.  A 
temperature  accuracy  of  *  O.IS  °  C  was  achieved  for 
all  six  temperature  sensors  (PT  1000)  used  in  our 
experiment:  For  measuring  the  fluid  temperature,  three 
temperature  sensors  are  insulted  just  below  the  outer 
surface  of  the  inner  sphere  at  latitudes  0  ,,  =  10  0  , 
0  ,2  =  80  °  and  0  I3  =  160  °.  These  temperature  daU 
were  transferred  from  the  routing  sphere  to  the 
stationary  part  by  a  slip-ring  system.  For  Investigations 
with  only  the  inner  sphere  routing  three  other  tempera¬ 
ture  sensors  are  insulted  at  the  inner  surface  of  the 
outer  sphere  at  latitudes  0^=0°,  ©o2*4S°  and  0o3=9O° 
as  depicted  in  fig.  3.  Most  of  the  measurements  were 
made  with  the  silicone  oil  M3  at  a  temperature  of  2S°C. 

Fluid  d*U  Baya  lion-oil 

M3 

da  salty  p  [k*/m3]  910 

kin.  viscosity  v  [lO‘4«2/s]  3.30 

refractive  Index  n  [  -  ]  1.394 

Table  2:  Ust  of  characteristic  fluid  data  <25“C) 


As  tracer  particles  small  aluminium  flakes  were  used. 
The  concentration  by  weight  was  0.0SX.  The  viscosities 
of  the  working  fluids  with  tracer  particles  were  mea¬ 
sured  with  a  VOR-rheometer  (BOHLIN-Reologi  AB, 
Sweden).  An  effect  on  the  viacoaity  was  not  detected. 
The  physical  properties  of  the  working  fluid  M3  are 
listed  in  Uble  2  for  the  temperature  of  25  °C. 


22  Flow  visualization  technique 

Because  some  of  the  observed  flow  structures  appea¬ 
ring  in  the  spherical  Couette  flow  are  non-axisymmetric 
and  non-equatorialsymmetric,  it  was  necessary  to  develop 
a  new  observation-technique,  which  provides  a  simulta¬ 
neously  flow  visualization  of  both  the  azimuthal  and  the 
meridional  flow.  Therefore,  a  combination  of  the  fol¬ 
lowing  two  visualization  methods  was  used: 

To  investigate  the  flow  structures  occuring  in  the 
meridional  cross-section  of  the  spherical  annulus,  a  slit 


illumination  technique  is  employed.  In  addition  to  the 
slit  illumination  technique,  a  system  with  a  fiber-optic 
is  applied  to  visualize  the  front  flow  region  with  azi¬ 
muthal  waves.  Furthermore,  for  characterizing  the 
non-axisymmetric  instabilities  in  wide  gap  widths,  two 
cameras  were  simultaneously  used  for  the  observation 
of  the  polar  and  equatorial  region.  In  practice,  the 
angle  of  observation  of  the  azimuthal  and  meridional 
flows  is  of  about  90°.  In  this  way,  the  cellular  structure 
of  the  occuring  vortices  in  the  meridional  plane  as  well 
as  the  azimuthal  and  polar  behaviour  of  the  arising 
flow  pattern  can  be  obtained.  Photographs  or  print 
sequences  from  video-records  (videoprints)  were  taken. 


22  Lajer-Doppler—velocimeter  measuring  system 

For  the  application  of  laser-Ooppler-velocimetry  (LDV) 
on  the  spherical  Couette  flow  experiment,  a  special 
traversing  system  has  been  constructed  to  mount  the 
optic  probe  on  the  spherical  Couette  flow  experiment 
as  depicted  in  figure  4  (a),  while  the  laser  and  the 
transmitter  are  mounted  apart  from  the  experiment 
on  a  mounting  bench.  The  traversing  system  consists 
of  a  high-precision  bow  with  a  traversing  sledge  and 
a  traversing  table.  The  traversing  sledge  is  capable 
of  moving  the  optic  probe  in  meridional  direction 
(0  *  0  c  110°)  and  the  traversing  table  is  capable  of 
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c)  Meosurio9  system 


Fig.  4:  Schematic  diagram  of  the  applied  laser-Doppler- 
velocimeter  (LDV)  system: 

(a) :  Traversing  system  for  the  LDV  optic  probe 

(b) :  Optical  system 

(c) :  Measuring  system 
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moving  in  radial  direction  over  a  range  of  60  mm  in 
order  to  determine  the  meridional  dependence  of  the 
velocity  and  to  obtain  velocity  profiles.  The  laser- 
Doppler-velocimeter  system  used  in  our  experiments, 
consists  of  a  100  mW  Ar-laser,  a  transmitter  unit  and 
a  1-D  fiber-flow  optic-probe  (DANTEC-Electronics, 
Denmark).  A  frequency  shift  is  added  by  the  Bragg-cell- 
unit  to  one  of  the  beam  pair  to  allow  for  measure¬ 
ments  of  reversing  flows.  The  optic  probe  with  a  fibre 
optic  cable  is  connected  to  the  transmitter  via  manipu¬ 
lators.  The  optical  part  of  the  laser-Doppler-system, 
which  uses  the  dual  beam  backscatter  geometry,  is 
shown  schematically  In  figure  4  (b).  The  backscattered 
light  is  focussed  on  a  photomultiplier  tube.  All  LDV 
measurements  were  made  with  the  traversing  system 
mentioned  above.  Data  records  of  each  measurement  in 
the  centre  of  the  gap  consisted  of  32000  validated 
Doppler  bursts,  while  for  each  location  along  the  pro¬ 
file,  a  sequence  of  8000  validated  Doppler  bursts  was 
accumulated  in  the  buffer  interface.  A  principle  sketch 
of  the  data  processing  technique  with  the  laser- 
Doppler  signal-processor,  which  is  based  on  FFT- 
technlque,  is  shown  in  figure  4(c).  Parameters  charac¬ 
terizing  the  laser-Doppler-velocimeter  and  traversing 
data  are  listed  in  table  3. 


Ar- laser 

100 

[»w] 

focal  length 

160 

[mm] 

wavelength 

SU.S 

[nm] 

beam  spacing 

38 

[mm] 

beam  diameter 

2.2 

[mm] 

number  of  fringes 

22 

[-] 

probe  volume:  length 

0.4 

[mm] 

diameter 

O.OS 

[mm] 

Mage  spacing 

2.18 

[pm] 

Bragg- cell  frequency 

40 

[MHz] 

meridional  traversing  angle 

o«e 

*  110° 

radial  traversing  distance 

Osr 

*  60  mi 

Table  3:  Parameters  characterizing  the  laser-Doppler- 
velocimeter  and  traversing  data 

The  application  of  the  LDV-technique  on  the  spherical 
Couette  flow  experiment  requires  an  optical  correction 
for  the  accurate  determinations  of  the  probe  volume 
locations  and  for  the  interference  fringe  spacing  due 
to  refraction  effects  of  the  spherical  outer  surface. 
Because  the  probe  is  adjusted  In  radial  direction,  the 
optical  axis  of  the  front  tense  of  the  probe  passes 
perpendicular  through  the  spherical  outer  surface. 
Thus,  the  correction  for  the  two  laser  beams,  which 
are  in  the  same  plane,  could  be  calculated  for  a  cylin¬ 
drical  surface.  However,  the  fact,  that  a  small  probing 
volume  is  needed  to  produce  sufficient  spatial  resolu¬ 
tion,  which  could  be  obtained  only  by  a  large  inter¬ 
section  angle,  the  small-angle  approximation  cannot  be 
used  in  this  case.  The  correction  method  used  in  this 
work  for  the  case  of  targe  intersection  angles,  is  illu¬ 
strated  In  figure  5.  The  ray  tracing  begins  at  the  front 
tense  of  the  LDV  optics.  The  equations  describing  the 
beam  propagation  follow  immediatly  from  Snells  law 
and  from  geometric  considerations.  For  further  details, 
the  reader  might  be  referred  to  Kekoe  &  Desai  (1987), 
Gardavsky  &  Hrbek  (1989)  and  Meijering  (1993). 


Fig.  S:  Ray  tracing  for  measuring  the  azimuthal  and 

meridional  velocity  component  (Meijering  1993) 


limit  frequency 


Fig.  6:  Frequency  limit  as  a  function  of  particle  diameter: 

Aluminium-flakes  in  silicone  oil  M3 :  dp  ">  50  pm 

(Meijering  1993) 

The  LDV-technique  requires  the  addition  of  particles 
to  the  working  fluid.  For  this  study  of  simultaneously 
LDV-  and  flow  visualization-measurements,  we  were 
able  to  use  the  same  small  aluminium  particles  as  tracer 
ranging  between  lOand  50pm  by  calculating  the  particle 
adaption  capability,  which  was  improved  with  the 
formulas  given  by  Ruck  (1990).  For  an  amplitude  ratio 
»l  *  99%,  which  defines  the  accuracy  with  which  the 
particles  follow  the  fluid  fluctuations,  the  calculated 
limitation  frequency  as  a  function  of  particle  diameter 
and  for  the  tracer/ffuid  combination  used  in  the  ex¬ 
periment  is  illustrated  in  figure  6.  As  can  be  seen 
from  this  calculation,  the  frequency  limit  lor  50pm 
particles  is  only  of  about  S00  Hz,  which  is  S  times 
higher  as  the  measured  frequencies  of  the  power 
spectra.  As  a  result  of  this  calculation,  the  position  A 
of  the  laser  beam  Intersection  relative  to  the  centre  of 
the  sphere  in  radial  direction  Is  determined  by  Mei¬ 
jering  (1993). 

A  =  d2  /  tan(a/2>  -  r2. 

The  interference  fringe  spacing  Ax  at  the  laser  beam 
intersection  that  is  traversed  in  radial  direction  is 

dx  =  (X/n,)/  2sln(a/2). 
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The  azimuthal  velocity  will  be 

v=  fD  Ax. 

The  refraction  corrections  for  the  probe  volume  loca¬ 
tion  and  the  fringe  spacing  are  shown  in  figure  7. 


Hg.  7:  Refraction  correction  for  the  optic  probe  volume 
location  A  and  the  interference  fringe  spacing  Ax 
as  a  function  of  the  radial  traversing  position 
<Meijering  1993) 


3  EXPERIMENTAL  RESULTS 

3.1  Visual  observations  of  wide  gap  Instabilities 

In  a  previous  investigation  on  the  stability  of  spherical 
Couette  flow  (Egbers  1994),  it  was  found,  that  the  lami¬ 
nar  basic  flow  between  two  concentric  spheres,  where 
only  the  inner  sphere  rotates  and  the  outer  one  is  at 
rest,  loses  Its  stability  not  only  in  the  form  of  Taylor- 
instabillty.  The  instabilities  occurlng  depend  strongly 
on  the  aspect  ratio.  For  wide  gap  widths  <8  *  0.33)  con¬ 
sidered  here,  the  first  instability  manifests  itself  as  a 
break  of  the  spatial  symmetry  and  a  new  non-axisym- 
metrtc  secondary  wave  mode  was  observed,  which 
spreads  from  the  pole  to  the  equator.  With  increasing 
the  Reynolds  number,  the  number  of  secondary  waves 
with  n  spiral  vortices  decreases.  For  8  *  0.33,  secondary 
waves  with  n  *  six,  five  and  four  spiral  arms  were 
found,  while  in  the  gap  with  an  aspect  ratio  of  8  *  0.5 
waves  with  n  *  five,  four  or  three  spiral  arms  exist.  As 
an  example  for  this  type  of  instability,  the  secondary 
wave  flow  with  n  *  five  spiral  arms  -  observed  from  the 
pole  -  is  depicted  in  figure  8. 

The  flow  regimes,  their  spatial  states  with  non-axi- 
symmetric  and  non-equatorial  symmetric  secondary 
waves  were  characterized  by  measuring  the  phase 
velocities  and  the  displacement  between  the  northern 
and  the  southern  hemisphere  of  the  arising  secondary 
waves  (Egbers  1994). 


Fig.  8:  Visual  observations  of  the  secondary  waves 
with  spiral  vortices  (8  1  0.S,  Re  =  1S83,  n  -  S) 


Furthermore,  the  spherical  Couette  flow  in  wide  gap 
widths  shows  the  well-known  transition  phenomena 
of  hysteresis  and  non-uniqueness,  depending  on  the 
acceleration  rate  of  the  inner  sphere  (Egbers  1994). 

In  order  to  give  some  quantitative  eatlmates  on  the  dy¬ 
namic  behaviour  of  these  secondary  wave  instabilities, 
for  a  wide  range  of  Reynolds  numbers,  the  azimuthal 
velocity  components  were  recorded  as  a  function  of 
time  in  the  center  of  the  gap.  From  these  records,  the 
mean  azimuthal  velocity  component,  velocity  profiles, 
the  turbulence  intensity  (r.m.s  value),  the  autocorrelation 
coefficients  and  the  power  spectra  were  calculated. 
Some  of  the  results  will  be  presented  in  the  following 
chapters. 


3.2  Velocity  distributions 

During  the  transition  region,  the  azimuthal  velocity 
profiles  as  a  function  of  the  radial  coordinate  were 
measured  at  ©  48°  <8  =  0.33)  and  6  *  52°  (8  =  0.S)  with 
increasing  Reynolds  numbers.  As  can  be  seen  in  figure  9, 
the  non-dimensional  mean  velocity  profiles  become 
more  concave  (upward)  with  increasing  the  Reynolds 
number  in  comparison  with  the  theoretical  one  for  the 
laminar  basic  flow  calculated  from  Ritter  (1973).  Fur¬ 
thermore,  with  increasing  the  Reynolds  number,  the 
profiles  exihibit  a  typical  boundary  layer  characteristic 
with  a  minimum  near  the  inner  sphere  and  a  maximum 
near  the  outer  sphere.  The  velocity  gradients  become 
greater  near  the  inner  sphere  in  comparison  with  the 
outer  sphere. 
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3.3  Velocity  fluctuations 


Fig.  9:  The  dependence  of  the  azimuthal  velocity 
profiles  in  the  gap  as  a  function  of  the 
Reynolds  number  in  the  transition  region: 

(a)  3  =  0.33;  6  *  48°  (bl  8  =  0.5;  0  =  52° 


The  temporal  dependence  of  the  azimuthal  velocity 
component  in  the  centre  of  the  gap  (d*  =  0.S)  as  a 
function  of  the  Reynolds  number  during  the  laminar/ 
turbulent  transition  for  the  flow  in  the  gap  with  an 
aspect  ratio  8  =  0.5  and  at  the  latitude  6  «  52°  are 
illustrated  in  figure  10: 


Fig.  10:  The  temporal  dependence  of  the  azimuthal 

velocity  components  in  the  centre  of  the  gap 
(d*  *  0.5)  as  a  function  of  the  Reynolds  number 
during  the  laminar/turbulent  transition 
(8  =  0.5,  0  =  52°) 


For  Re=90S  and  Re  =  1131  the  flow  is  laminar  stable.  But 
with  increasing  the  Reynolds  number  above  the  critical 
value  <Recrlt  =  1244)  up  to  Re  *  1357  (corresponding  to 
visual  observations  shown  in  figure  8),  the  velocity 
shows  s  sinusoidale  fluctuation,  which  corresponds  to 
the  phase  velocity  of  the  secondary  waves.  As  already 
observed  by  flow  visualization  measurements,  the 
secondary  waves  are  periodic  in  time  (Re  =  1357,  Re  = 
1583),  quasi-  periodic  with  noise  (Re  =  1810,  Re  =  2262) 
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and  finally  they  are  fully  turbulent  (Re  =  4524).  These 
results  could  be  improved  by  calculating  the  correspon¬ 
ding  autocorrelation  coefficients  as  depicted  in  figure  II. 
From  these  records  it  can  be  seen,  that  the  periodicity 
in  also  available  for  Re  =  1357  and  Re  =  1583,  but  for 
Re  >  1810,  the  autocorrelation  coefficients  are  quasi- 
periodic  and  damped,  while  for  Re  a  2262  they  are 
strongly  damped. 


Rg.ll:  The  autocorrelation  coefficients  of  the  azimuthal 
velocity  components  in  the  centre  of  the  gap 
(d*  *  0.5)  aa  a  function  of  the  Reynolds  number 
during  the  laminar/  turbulent  transition 
(0  *  0.5,  e«52°) 


3.4  Power-spectra 

The  calculated  power-spectra  of  the  azimuthal  velocity 
and  the  corresponding  simultaneously  observed  flow 
pattern  are  illustrated  in  figure  12.  For  Re  «  1583,  where 
the  secondary  wave  flow  with  five  spiral  arms  exist,  the 
power-spectrum  contains  a  single  frequency  peak, 
which  corresponds  to  the  rotation  frequency  of  the 
wave  mode  (Egbert  1994).  The  spectrum  for  Re  =  1809 


contains  six  frequency  peaks,  which  corresponds  to  the 
quasi-periodic  motion.  For  Re  *  2262,  the  frequency 
spectrum  is  filled  continiously  with  noise  and  the  flow 
becomes  turbulent  as  it  is  shown  in  the  corresponding 
visual  observations.  The  transition  to  turbulence  is  cha¬ 
racterized  by  the  development  of  small  scale  structures. 
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Rg  12:  Power-spectra  of  the  azimuthal  velocity  com¬ 
ponents  in  the  centre  of  the  gap  (d*  =  0.5)  and 
corresponding  observed  flow  regimes  as  a 
function  of  the  Re- number  during  the  laminar/ 
turbulent  transition  (0  -  0.50;  6  -  52°) 
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4  CONCLUSIONS 

We  have  considered  some  characteristics  of  the  laminar/ 
turbulent  transition  of  the  spherical  Couette  flow  for 
wide  gap  widths.  In  contrast  to  previous  investigations, 
we  could  detect  a  transition  region,  where  instabilities 
in  the  form  of  secondary  waves  with  spiral  arms  exist, 
which  break  the  spatial  symmetry.  The  LDV-technique 
could  be  applied  successfully  for  measurements  of  the 
azimuthal  velocity  components.  Their  time-dependent 
behaviour  during  the  transition  to  turbulence  was  ob¬ 
tained  and  shows  the  typical  phenomena  of  periodicity, 
quasi-peridicity  and  stochastic  regions.  Further  investi¬ 
gations  must  be  carried  out  to  give  more  informations 
about  the  dependence  of  the  development  of  turbu¬ 
lence  as  a  function  of  the  meridional  coordinate  0. 
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ABSTRACT 

An  experimental  study  on  the  flow  field  in  a 
reverse  flow  cyclone  operating  at  Reynolds  numbers 
of  the  aider  of  104  was  performed.  Under  all 
drcumstanoes  the  flow  showed  low  frequency 
fluctuations  due  to  so  called  vortex  precession  With 
laser  doppler  anemometiy  (LDA)  radial  profiles  of 
both  axial  and  tangential  velocity  were  measured.  A 
laser  induced  fluorescence  (LIF)  experiment 
visualised  the  flow  in  the  core  region  of  the  cyclone. 
In  case  the  cyclone  was  fed  through  me  inlet  (i.e.  at 
strangest  swirl  conditions)  the  experimental  results 
demonstrate  backflow  from  outside  the  cyclone  near 
its  centre. 


INTRODUCTION 

Swirl  flows  are  important,  both  in  science 
and  in  engineering.  Fran  a  fluid  dynamidst's  point  of 
view,  swirl  flows  exhibit  interesting  phenomena  such 
as  precession,  recirculation,  and  non-isotropic 
turbulence.  Process  industry  utilises  swirl  flows  in  a 
wide  range  of  applications  (e.g  cyclone  separators, 
burners,  quay  nozzles).  When  optimising  such 
process  equipment  it  is  essential  its  fluid  dynamics  be 
well  understood 

The  separator  performance  of  reverse  flow 
gas  cyclones  strongly  depends  on  details  of  the  flow 
Add  Computational  fluid  dynamics  (CFD)  can  be  a 
very  hdpful  tool  in  cyclone  optimisation  (see  e  g 
Boysan  et  at,  1982).  However,  the  complexity  of  the 
turbulent  flow  in  cyclones  necessitates  experiments  in 
aider  to  guide  and  verify  the  computations.  In  this 
context  we  performed  experimental  studies  on  flow 
fields  in  reverse  flow  cyclones. 


Most  experiments  were  conducted  in  a  water 
cyclone,  completely  filled  with  water  due  to  water 
head  Its  geometry  is  depicted  in  figure  1.  With  LDA 
and  visualisation  techniques  the  flow  field  was 
investigated  at  several  flow  rates  fed  through  either 
one  inlet  or  two  inlets.  A  water  instead  of  a  gas 


fig.  1  The  geometry  of  the  water  cyclone. 


Sizes  in  mm. 


cyclone  was  used  because  water  facilitates 
visualisation  and  continuous  LDA  measurements. 
The  flow  can  be  roughly  characterised  with  a 
Reynolds  number  and  a  swirl  number  (Ac),  the  latter 
being  the  ratio  of  axial  flux  of  angular  momentum 
and  axial  flux  of  axial  momentum  times  cyclone 
radius.  In  general  the  (overall)  swirl  number  is 
determined  by  the  geometry  of  the  cyclone.  The  water 
cyclone  can  be  operated  at  Reynolds  numbers  between 
lxlO4  and  4xl04  with  either  Sw=3  (one  inlet)  or 
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fig.  2  Two  LDA  time  series,  (a)  Time  series  in  the  water  cyclone  at  Re~2x  104,  (b)  time  series  in  a  gas  cyclone 

atRe-3xl04. 


Swl.5  (two  inlets).  In  order  to  check  the  similarity 
with  gas  cyclone  flow  we  also  present  experimental 
results  from  an  air  cyclone  (with  different  geometry) 
operating  at  almost  practical  superficial  velocities. 

Under  all  circumstances  the  vortex  core 
showed  a  low  frequency  processing  motion 
Throughout  the  flow  field  the  precession  of  the  vortex 
core  was  felt.  This  is  demonstrated  in  figure  2  where 
typical  LDA  measurements  are  depicted.  The  first 
time  series  (figure  2a)  was  obtained  in  the  water 
cyclone.  Its  low  frequency  fluctuations  are  due  to 
vortex  precession.  For  reference  we  also  present  a 
LDA  time  series  measured  in  the  gas  cyclone  at  a 
much  higher  superficial  velocity  {figure  2b).  The 
signals  are  quasi-periodic.  Therefore  we  could  not,  as 
in  truly  periodic  flows  like  the  flows  in  stirred  vessels 
or  combustion  engines,  perform  phase  resolved 
measurements.  Such  techniques  are  useless  given  the 
random  phase  jump6  of  the  processing  vortex  core. 
However,  detailed  knowledge  of  the  flow,  particularly 


near  the  centre  line  of  the  cyclone,  requires  velocity 
profiles  that  arc  resolved  for  the  vortex  core  position. 
The  LDA  experiments  were  supplemented  with  a 
visualisation  study  using  LIF  in  order  to  obtain  more 
insight  in  the  flow  near  the  vortex  erne. 


LDA  EXPERIMENTS 

The  LDA  set  up  we  employed  was  a  one- 
component  reference  beam  system  manufactured 
by  TPD.  A  laser  beam  emanating  from  a  32  mW 
HeNe  laser  was  diffracted  and  frequency  shifted  at 
a  rotating  grating.  A  400  mm  focal  length  lens 
focused  the  beams  into  the  measuring  volume 
which  had  dimensions  4.2x0.16x0.16  mm3.  Light 
from  the  reference  beam  mixed  with  scattered  light 
was  detected  with  a  photodiode.  The  photodiode 
signal  was  processed  by  a  frequency  tracker.  The 
tracker  signal  was  sampled  with  a  frequency  of 
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512  Hz.  At  several  flow  rates  through  the  cyclone 
fed  through  either  one  inlet  or  two  inlets  (ranging 
from  1x4.5  mVh  to  1x16  mVh  and  from  2x4.5 
mVh  to  2x8  m3/h)  radial  profiles  of  the  axial  and 
tangential  velocity  at  two  vertical  positions  were 
measured. 

Spectral  analysis  of  the  LDA  time  series 
showed  that  the  principal  frequency  of  the 
fluctuations  induced  by  vortex  precession  was 
proportional  to  the  flow  rate  with  a  proportionality 
constant  depending  on  the  number  of  inlets, 
corresponding  to  results  found  in  literature  (e.g. 
Gupta  et  al,  1984).  The  Strouhal  numbers,  defined 
as  njtf/i,  (with  fpn e  the  precession  frequency, 
D  the  cyclone  diameter  and  ^  the  volume  flux 
through  the  cyclone)  were  found  to  be  5.22  and 
2.92  for  one  inlet  and  two  inlets  respectively.  The 
latter  value  corresponds  quite  well  with  S=3. 04  for 
a  cyclone  with  two  inlets  operating  at  Re23xl& 
repotted  in  Gupta  et  al  (1984). 

It  is  known  (see  e.g.  Escudier  &  Zehnder, 
1982)  that  under  strong  swirl  conditions  backflow 
in  the  core  of  the  cyclone  can  occur.  The  time 
averaged  axial  velocity  profiles  we  measured  with 
LDA  do  not  show  backflow  near  the  centre,  i.e.  the 
time  averaged  velocity  in  the  cyclone  core  always 
had  an  upward  component  Due  to  precession 
however  these  time  averaged  profiles  are  smoothed 
versions  of  the  profiles  centred  on  the  actual 
(moving)  vortex  core  position:  backflow  could 
have  been  obscured  by  spatial  averaging. 

Based  on  ideas  presented  by  Liem  &  van 
den  Akker  (1992)  a  procedure  to  correct  the  time 
averaged  profiles  of  the  axial  velocity  for  the  influence 
of  precession  was  developed  The  assumption  was 
made  that  an  extremum  in  the  velocity  time  series 
corresponds  to  a  more  or  less  fixed  position  of  the 
vortex  core  relative  to  the  measuring  volume.  The 
extrema  in  the  LDA  signals  were  determined  by 
filtering  the  original  time  series  with  a  double 
moving  average  filter,  the  second  filter  having  a 
width  about  1.5  times  the  width  of  the  first  filter 
(the  width  of  a  moving  average  filter  equals  f/N*, 
with/;  the  sampling  frequency  and  jV„  the  number 
of  samples  within  the  average).  The  filter's  widths 
were  chosen  to  lie  within  the  spectral  gap  between 
precession  induced  and  turbulent  fluctuations.  The 
average  of  a  number  of  small  sets  of  measurement 
points  near  the  extrema  is  interpreted  as  an 
averaged  velocity  at  a  specific  (yet  unknown) 
position  relative  to  the  vortex  core: 


Veorr  ' 
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X  X  *0 U*J) 


N(k  +  1)  U 


with  Veer  the  corrected  averaged  velocity  at  an 
extremum  (the  minima  yield  ,  the  maxima 

v — _ V  v(n,+j)  the  individual  velocity 

measurements  and  n,  the  sample  numbers  of  the 
extrema  (minima  or  maxima)  of  the  filtered  signal. 
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fig.  3  Radial  profiles  of  axial  velocity  at  z=228 
nun.  (a)  Flow  through  two  inlets  (2x8 
m3/h).(b)  Flow  through  one  inlet  (1x8 
mVh).  In  the  bottom  part  the  dimensions  of 
the  disc  observed  with  LIF  are  displayed. 
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The  total  number  of  points  within  the  average 
equals  N(k+1),  N  is  the  number  of  extrema  and 
(k+J)  the  number  of  points  per  extremum.  The 
choice  of  the  parameter  it  is  a  compromise  between 
accurate  statistical  estimates  (large  it)  and 
sufficient  temporal/spatial  resolution  (small  it).  In 
practice  a  value  of  about  20  sufficed. 


VELOCITY  PROFILES 

Msyor  differences  between  flow  structures 
in  the  cyclone  operating  with  one  inlet  (SV=J)  and 
two  inlets  (SW-7.J)  are  observed.  This  is 
demonstrated  in  the  figures  3a  and  3b  which  show 
radial  profiles  of  the  axial  velocity  in  both  operating 
modes.  The  results  of  the  precession  correction 
procedure  are  also  depicted  Only  for  the  one  inlet 
case;  i.e.  for  strongest  swirl,  the  corrected  IDA 
measurements  show  backflow  near  the  vortex  core. 
Figure  4  is  a  radial  profile  of  the  time  averaged  axial 
velocity  in  the  gas  cyclone  at  Re=3xIOi  and  Sw=3.I. 
The  data  corrected  for  vortex  precession  indicate 


v,  =  OT 

with  v*  the  tangential  velocity,  r  the  radial  position 
and  C  and  a  constants.  The  values  of  a  range 


fig.  4  Radial  profile  of  the  axial  velocity  in  the 

gas  cyclone. 


backflow. 

The  radial  profiles  of  the  tangential 
velocity  (figure  5)  can  be  divided  in  a  forced 
vortex  (inner)  and  a  free  vortex  (outer)  region. 
The  profiles  in  the  outer  region  can  be  adequately 
described  with 
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fig.  5  Radial  profiles  of  tangential  velocity  at  z=228 
mm.  (a)  Flow  through  two  inlets  (2x8  m3/h). 
(b)  Flow  through  one  inlet  (1x8  m3/h).  In  the 
bottom  part  the  dimensions  of  the  disc 
observed  with  LIF. 
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fig.  6  Grey  value  picture  from  a  LIF 


visualisation  in  a  horizontal  plane  in  the 
cyclone.  The  centre  of  the  picture 
roughly  corresponds  with  die  cyclone's 
centre 


from  0.71  to  0.78,  depending  on  operating 
conditions.  The  measurements  very  close  to  the 
core  of  the  vortex  were  hindered  by  air  bubbles 
which  are  trapped  at  this  low  pressure  location  and 
by  very  large  velocity  fluctuations  due  to  steep 
gradients  and  vortex  precession. 


VISUALISATION 

In  addition  to  LDA,  the  cyclone  flow  was 
investigated  with  a  UF  experiment  Fluorescent  dye 
was  injected  at  the  bottom  of  the  cyclone.  A  488  nm 
lasersheet  emerging  from  an  Argon-ion  laser  excited 
the  dye  in  a  horizontal  plane  about  halfway  in  the 
cyclone.  The  image  was  recorded  with  a  digital 
camera  (with  a  resolution  of  254x252  pixels)  from 
underneath  the  flat  bottom  of  the  cyclone.  The  flow 
rate  in  the  cyclone  was  8  m3/h  through  one  inlet 
Figure  6  is  a  typical  example  of  a  grey  value  picture 
we  obtained  with  this  set  up.  At  first  sight  one  would 
expect  rapid  mixing  of  the  dye  throughout  the  cyclone 
due  to  the  turbulent  conditions  ( Re=2xl(t ).  To  our 
surprise  however,  in  the  core  of  the  cyclone  a  highly 
coherent  structure  was  observed.  There  is  a  dark  (low 
fluorescent  dye  concentration)  outer  region  that  can  be 
dearly  distinguished  from  a  light  (high  fluorescent 
dye  concentration)  disc  with  a  diameter  of  about  0.3 
times  the  cyclone  diameter.  Within  this  disc  is  a  dark 
ring.  Apparently,  the  flow  within  the  disc  region 
hardly  showed  mixing  in  radial  direction.  Once  the 
dye  had  entered  this  region  it  stayed  there  and  was 
transported  towards  the  exit  pipe.  The  dye  in  the  outer 
region  mixed  rapidly.  We  conclude  that  the  flow  can 
be  divided  in  a  laminar  centre  regkm  and  a  turbulent 
outer  region.  The  dark  ring  within  the  centre  region 
suggests  backflow  from  outside  the  cyclone  near  the 
vortex  core.  The  three  successive  (binary)  camera 
frames  depicted  in  figure  7  give  a  clear  view  on  vortex 
precession. 
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fig.  7  Sequence  of  three  (binary)  camera  frames  demonstrating  precession  of  the  vortex  core. 
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DISCUSSION  AND  OUTLOOK 
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The  precession  of  the  vortex  core,  the 
velocity  prefiles  obtained  with  LDA  and  the  results  of 
the  visualisation  experiment  dearly  demonstrate  the 
complexity  of  the  flow  in  a  cyclone.  The  flow 
structure  strongly  depends  on  the  cyclone  geometry, 
c.g.  the  nutriber  of  inlets  employed.  In  case  the  water 
cyclone  was  fed  through  one  inlet  the  strong  swirl 
caused  backflow  near  the  vortex  core. 
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backflow  region  only,  the  remainder  of  this  region 
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progress. 
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ABSTRACT 

To  measure  velocity  profiles  in  a  boundary  layer,  the 
measuring  volume  of  common  Laser  Doppler  Anemometers 
(LDA)  has  to  vary  its  position  in  the  layer  The  spatial 
resolution  of  such  velocity  profile  is  limited  in  principal  by  the 
size  of  the  probe  volume.  The  method  proposed  reduces  the 
positioning  actions,  increases  the  spatial  resolution  of  the 
measuring  volume  by  an  order  of  magnitude  and  measures 
whole  profiles  inside  the  classical  measuring  volume  while 
leaving  die  sensor  fixed.  Moreover,  spreading  fringe  distances 
and  similar  distortions  inside  the  measuring  volume  can  be 
corrected. 


1  THEORY 

The  method  presented  is  a  combination  of  a  two 
illuminating  beam  dual-scatter  Laser  Doppler  Anemometer 
(LDA)  and  a  cross-beam  reference-scatter  LDA.  Both  LDA 
systems  offer  the  possibility  of  measuring  the  speed  of  a 
scattered  but  the  chronal  appearance  of  both  LDA  sipials  is 
different.  This  time  difference  is  determined  by  the  time  of 
flight  of  a  scatterer  from  one  ‘fringe’  system  to  the  next 
Assuming  a  one  dimensional  flow,  the  time  lag  of  signals  from 
both  measuring  volumes  is  proportional  to  their  spatial 
separation  and  to  the  speed  of  the  scatterer.  By  geometry,  their 
separation  is  a  function  of  the  distance  from  the  crosspoint  of 
die  two  beams  in  the  on-axes  direction  of  the  optical  system. 

I  I  Dual  Beam  and  Reference  Beam  Method 

Figure  I  shows  the  two  measuring  volumes,  as  they  are 
‘seen’  by  the  detecting  photodiodes.  The  avalanche  diode 
(outside  the  beams)  detects  only  scattcrers  inside  the  crossing 
region  of  both  beams  The  main  axis  of  the  ellipsoidal  volume 
is  part  of  the  optical  axis  of  the  dual  beam  LDA.  The  main  axis 
also  locates  the  maximum  amount  of  light  scattered  from  a 
particle  crossing  the  volume. 

The  PIN  diode  heterodynes  contmous  light  from  the 
reference  beam  with  light  scattered  out  of  the  illuminating 
beam  to  generate  the  Doppler  signal  The  main  axis  of  the 
measuring  volume  bi  this  reference-scatter  set-up  is  the  axis  of 
the  i  Hum  mat  mg  beam  The  reference-  scatter  LDA  volume  is 


inclined  by  the  half  angle  of  the  beam  intersection  to  the 
dual-scatter  LDA  volume. 

To  operate  a  reference  scatter  LDA  it  is  not  necessary  to  form 
an  intersection  of  both  beams.  But,  using  the  reference  beam 
method  in  combination  with  the  dual  beam  method,  the  beams 
must  intersect.  Furthermore,  the  two  beams  should  have  equal 
intensities.  Detecting  Doppler  signals  in  such  a  strong  beam  is 
made  possible  by  PIN  diodes,  operating  at  a  high  optical  power 
(*1  mW),  see  Dopheide  at  al  1991.  In  the  configuration  used 
both  measuring  volumes  have  the  same  fringe  distance  and  the 
same  fringe  orientation 


Pin  diode 


Fig.  I  Schematic  of  the  measuring  volumes  of  a  combined 
dual-scatter  reference-scatter  LDA 

As  outlined  by  Strunck  et  al  (1993),  contributions  from 
both  measuring  volumes  are  distinguishable  due  to  different 
detector  positions.  The  dual  scatter  LDA  receiver  generates 
Doppler  sipials  with  a  pedestal.  The  reference  scatter  LDA 
receiver  generates  Doppler  signals  without  a  significant 
pedestal  Contributions  of  the  dual  scatter  set-up  to  the 
reference-scatter  LDA  signal  are  some  orders  of  magnitude 
lower  and  thus  negligable 

Because  the  size  of  the  dual  beam  LDA  probe  volume  is 
bowded  by  the  l/e2  contour  of  both  beams,  the  reference 
scatter  LDA  is  seen  to  have  a  l/e  contour  and  is  limited  in 
addition  by  radiation  alipiment  (Drain.  1972)  Therefore.  tf..« 
strength  of  the  heterodyned  sifgtal  obtained  depends  on  the 
angular  separation  of  the  scatterer  in  the  illuminating  beam  and 
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the  source  of  the  reference  beam,  and  of  the  diameter  D  of  the 
light  collecting  aperture  (detector  area)  and  the  distance  /  of  the 
detector  to  the  cross  point.  The  maximum  length  y  of  the 
reference-scatter  LDA  probe  measured  in  direction  of  the 
optical  axis  of  the  two  beams  is 
2  A  / 

v  =  - . 

D  £ 

A  is  the  wavelength  of  the  laser  and  e  is  the  angle  between 
the  two  beams.  In  our  configuration,  the  probe  volume  spans  up 
to  about  3  mm  along  the  optical  axis  of  the  set-up.  Because  of 
the  1/e  contour,  the  reference  probe  volume  is  thinner,  but 
longer  than  the  dual  beam  probe  as  outlined  in  figure  1. 

1 . 2  Considerations  to  the  Combining  Method 

In  order  to  measure  the  time  of  flight  of  a  scatterer  from 
one  probe  volume  to  the  next,  we  have  to  evaluate  the  centre  of 
the  Doppler  signals.  This  can  be  done  by  calculating  the 
envelopes  of  the  signals  and  finding  the  maxima.  Instead,  we 
prefer  to  use  cross  correlation  to  calculate  the  time  lag  Cross 
correlation  locks  to  the  Doppler  oscillations,  the  result  of  the 
procedure  is  the  time  of  flight  from  the  strongest  fringe  in  the 
illuminating  beam  to  the  strongest  fringe  (i.e.  the  optical  axis) 
in  the  dual-scatter  LDA  as  shown  in  figure  2. 


Fig  2  Travel  time  and  geometric  considerations 


oscillations.  For  simplicity,  we  only  use  the  cross  correlation 
method. 

1 . 3  Particle  Size  Effects 


The  curved  surface  of  a  scattering  particle  not  only 
changes  the  direction  of  light,  but  also  changes  the  phase  of 
light  A  summary  of  particle  sizing  effects  is  presented  by 
Tayaly  and  Bates  1990.  As  the  particles  are  small  compared  to 
the  wavelength,  maximum  light  is  scattered  from  the  axis  of  the 
beams  (dashed  line  in  figure  3)  and  the  phase  is  not  changed 
With  increasing  size  of  the  scatterer,  the  centre  of  the  particle 
is  virtually  shifted  to  the  beam  axis  by  an  amount  of  h  (  about 
one  third  of  the  radius  of  a  water  droplet  in  air): 


/i  = 


This  influences  the  reference- scatter  signal  and  the  travel 
time  t  of  the  particle  in  the  combined  probe.  In  figure  2  the  time 
of  flight  gets  longer  on  the  left  side  from  the  crosspoint  and 
shorter  on  the  opposite  side.  In  consequence,  all  positions 
measured  on  the  optical  axis  are  shifted  (to  the  right). 


Fig  3  Particle  size  effects  on  the  time  of  fligth  measurement 


While  the  dual-scatter  probe  can  be  reduced  to  a  single 
fringe  in  figure  2,  the  reference-scatter  probe  is  provided  with  a 
staircase-like  geometry.  The  length  of  the  travelled  way  j  of  a 
scatterer  at  a  velocity  u  and  a  time  of  flight  t  is 


The  dual-scatter  method  will  only  not  be  affected,  when 
the  light  collecting  system  is  located  on  the  optical  axis  of  the 
set-up.  Therefore  a  time  of  flight  measurement  using  the 
envelopes  of  the  Doppler  signals  is  sensitive  to  particle  size. 

How  is  die  phase  delay  of  large  particles  changing  the 


-time  of  flight  awalMatori  hy  tha  rrnss  rnmrlatjnn  procedure'’  The 
cross  correlation  is  extremely  sensitive  to  phase  changes  in  the 


The  distance  d  to  the  cross  point  of  both  beams  thus  is 


Doppler  signals.  The  phase  dependence  on  particle  radius  r  is 
well  known  for  dual-scatter  probes  from  phase  Doppler 


tan/fj) 


anemometry  (PDA).  According  to  Bachalo  1987  and  using 
geometric  optics  and  figure  3.  the  path  length  difference  A\  of 
the  beam  in  the  reference-scatter  system  is 


Because  the  distance  j  is  digitized  by  the  correlation 
method  in  units  of  fringe  distance,  the  distance  d  to  the  centre 
of  both  probes  is,  too.  From  measurements,  we  will  not  get  a 
Gaussian  type  of  density  distribution  of  particles  along  the 
optical  axis,  but  a  distribution  at  disc  ret  points  along  the  axis. 
Thus,  other  methods  getting  the  centre  of  the  Doppler  signal  by 
using  the  envelope  (i.e.  Hilbert  transform)  will  result  in  a 
higher  spatial  resolution.  Another  simple  method  to  increase 
resolution  by  a  factor  of  two  is  to  square  the  Doppler  signal 
data  before  processing  it,  hence  doubling  the  number  of 


4  =  n*  AB- C/j),  »  refractive  index,  or 
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In  our  set-up  the  phase  path  length  is  changed  by  about 
one  third  of  the  diameter  d,  i.e.  a  3pm  particle  would  shift  the 
fringe  system  by  a  fringe  spacing. 

Compared  to  the  phase  shift  3:  of  a  dual-scatter 
component  with  a  detector  at  the  same  place,  the  reference 
scatter  probe  is  about  SO  times  more  effective: 

=  4,  -J(n-  1) 

Potentially,  the  probe  is  able  to  measure  small  sizes  of 
particles,  because  the  envelope  of  Doppler  signals  as  well  as  the 
fringe  system  are  shifted  by  curved  surfaces. 

However,  for  small  particles  not  only  refraction,  but  also 
diffraction  must  be  considered.  For  this  reason,  only  particle 
sizes  smaller  than  the  fringe  distance  will  not  stress  to  locate 
the  trajectory  of  a  scatterer  through  the  optical  axis  in  the 
method  presented. 

2  SET-UP  AND  CALIBRATION 


The  first  step  was  to  test  the  combined  LDA  in  the  middle 
of  the  nozzle.  About  2000  velocities  were  attached  to  the 
distance  from  the  cross  point  of  the  two  beams  in  figure  S. 


distance  to  centre - ► 

Fig.  5  Velocity  distribution  along  the  optical  axis  in  the 
middle  of  the  nozzle 


The  sensor  was  adapted  to  the.  nozzle  used  to  calibrate 
high  gas  flow  rates  at  the  Fib.  Figure  4  gives  an  impression  on 
geometry  and  size. 
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Fig  4  Test  nozzle  and  combined  LDA  system 


The  nozzle  has  a  high  contraction  ratio  of  11:1  to 
establish  a  flat  profile  in  the  nozzle  except  at  its  boundary  One 
beam  of  the  emitting  system  is  blocked  inside  the  nozzle,  the 
second  beam  is  aligned  parallel  to  the  exit  plane  and  1  mm 
away  from  die  plane  in  die  stream  wise  direction.  This  is  the 
reference  beam  of  the  reference- scatter  system  and  inside  there 
is  the  receiving  PIN  diode.  The  dual-scatter  receiver  has  a  light 
collecting  lens,  which  focusses  the  scattered  light  from  both 
beams  to  an  avalanche  diode.  It  is  located  outside  the  axis  with 
an  angle  of  twice  the  half  angle  of  the  crossing  beams. 

A  second  two-beam  dual  scatter  system  not  shown  in 
figured  has  its  probe  volume  orientated  perpendicular  to  the 
combined  probe  to  have  the  same  spatial  resolution  when 
moving  the  systems  vertically  We  will  proof  the  coincidence 
of  both  system  when  measuring  die  boundary  layer 


Remark  that  the  turbulence  intensity  measured  is  0  4  % 
Most  of  the  velocities  have  been  measured  at  the  cross  point.  In 
steps  of  106  pm  from  the  cross  point  again  velocities  have  been 
collected.  Each  step  also  can  be  expressed  in  terms  of  fringe 
units.  A  distance  of  1  fringe  unit  means  a  travel  way  of  the 
particle  from  one  fringe  in  the  first  probe  to  the  next  fringe  in 
the  second  probe.  This  distance  is  proportional  to  the  location 
on  the  optical  axis,  i.e.  one  fringe  step  in  direction  normal  to 
fringe  system  corresponds  to  a  distance  of  106  pm  along  the 
optical  axis.  The  particle  diameter  was  3  pm  ±10  %,  no  phase 
shift  can  be  observed.  The  distribution  appears  rastered  in 
space,  the  velocities  distribute  mainly  at  full  fringe  unit 
locations.  The  width  of  a  single  structure  is  about  one  tenth  of  a 
fringe  unit.  A  better  procedure  than  the  one  used  to  calculate 
the  centre  of  both  LDA  signals  would  be  able  to  increase  the 
spatial  resolution  by  a  factor  of  ten. 

To  get  an  impression  of  the  length  of  the  combined  probe,  a 
velocity  distribution  based  on  8000  velocities  has  been 
converted  to  a  histogram  (PDF)  in  figure  6: 


distance  to  centre 

Fig  6  Probability  density  distribution  along  the  optical  axis 

Instead  of  a  Gaussian  envelope  the  distribution  shows  an 
exponential  decay  from  the  centre  For  simplicity,  the  distances 
are  now  shown  as  fringe  spacing  units  A  reason  for  this 
behaviour  is  the  cross  correlation  method  to  calculate  the  tune 
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of  flight.  Because  the  maximum  of  the  envelopes  of  the  Doppler 
signal  is  relatively  flat,  noise  on  the  signal  can  shift  the  centre 
of  a  burst  in  terms  of  Doppler  periods.  Common  mode  noise  on 
both  signals  will  shift  the  locations  to  the  centre  at  the  expense 
of  neighboured  locations.  Under  this  view  the  full  width  at  half 
maximum  of  distribution  is  about  300  pm  or  half  the  length  of 
the  dual-scatter  probe  volume.  Because  the  distribution  is  not 
constant  all  along  the  probe,  to  sample  the  same  ensemble  of 
velocities  300  pm  away  from  the  middle  of  the  probe, 
acquisition  time  has  to  be  increased  by  a  factor  of  ten 
compared  to  the  time  needed  in  the  middle  of  the  probe. 

Next  we  calculate  the  average  velocity  of  each  pattern  of 
figure  5.  Because  we  use  two  Doppler  sensors,  we  compare  the 
velocity  from  the  dual-scatter  probe  and  the  velocity  from  the 
reference-scatter  probe  with  the  velocity  of  the  flow  in  figure  7. 


distance  to  centre  — ► 

Fig  7  Velocity  deviation  along  the  optical  axis 

As  figure  7  shows,  die  velocity  deviations  are  less  than 
0,3  %  and  lie  within  the  turbulence  intensity  of  the  flow.  As 
shown  above,  deviations  outside  1300  pm  from  the  centre  are 
not  as  representative  as  deviations  inside.  The  dual-scatter 
probe  shows  the  fringe  spreading  of  the  'real'  fringe  system,  the 
reference-scatter  probe  ‘virtual’  fringe  system  depends  on  the 
angular  position  of  the  particle  and  the  reference  beam  as 
shown  by  Stnmck  et  al.  (1993).  This  effect  compensates  partly 
and  only  in  the  experiment  the  fringe  spreading  of  the  ‘real’ 
fringe  system. 

The  error  curve  can  be  used  to  calibrate  fringe  distance  of 
the  probe  at  each  step  along  the  optical  axis.  However, 
turbulence  measured  will  not  be  effected  by  the  calibration,  as 
long  as  turbulence  is  higher  than  the  deviation 

Inside  a  laminar  and  plane  flow,  the  confidence  in 
locating  the  passage  of  a  particle  in  the  probe  volume  cannot  be 
approved,  because  all  particles  have  nearly  the  same  speed.  To 
investigate  exchanges  of  locations  to  be  measured,  we  moved 
the  probe  into  the  boundary  layer  of  the  nozzle. 


3. 

The  combined  probe  was  moved  in  steps  of  1  mm  in  the 
boundary  layer  at  the  exit  plane  of  the  nozzle  1 20  mm  in 
diameter.  The  boundary  layer  itself  has  a  thickness  of  3  mm  , 
when  the  main  flow  has  a  speed  of  3,3  m/s.  This  takes  place  at 
a  flow  rate  of  256  m3/h.  Figure  8  shows  8000  velocities, 
sampled  in  4  steps  along  the  optical  axis. 


56  57  58  59  mm  60 


distance  from  middle  of  the  nozzle - —  > 

Fig  8  Velocities  sampled  in  four  steps  along  the  optical  axis 

Again  the  structured  distribution  generated  by  the  cross 
correlation  data  reduction  is  exhibited.  Because  of  moving  the 
whole  system  in  the  boundary  layer  in  steps  of  1  mm,  the 
structures  nearly  overlap.  Looking  at  the  outer  flow  (left  side  in 
figure  8),  the  velocity  distribution  is  very  small  due  to  a  small 
turbulence  scale.  Inside  the  boundary  layer,  spreading  occurs 
with  increasing  turbulence  towards  die  boundary. 

Again  we  will  look  at  the  probability  density  distribution 
of  the  same  ensemble  of  velocities  in  figure  9. 


distance  from  the  middle  of  the  nozzle  > 

Fig.  9  Probability  density  distribution  of  the  probe  in  the 
boundary  layer 

The  density  distribution  shows,  as  already  outlined  in 
figure  6,  four  independent  distributions  of  four  sensor  positions 
in  the  boundary  layer  The  distance  in  the  plot  is  measured 
from  the  centre  of  the  nozzle,  the  nozzle  border  is  at  59.9  mm 
No  velocities  could  be  acquired  outside  the  nozzle  region, 
when  the  probe  was  I  mm  downstream  the  exit  plane  The 
shape  of  the  distributions  with  the  probe  centered  at  59  mm  and 
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more  at  60  nun  reflects  the  dilution  of  particle  density  at  the 
nozzle  boundary. 

The  peaks  at  37,  38  and  39  nun  can  be  seen  as  produced 
by  common  mode  noise  in  the  semiconductor  GaAlAs  laser. 
Reflected  light  from  surfaces  into  the  diode  can  result  in  an 
intensity  modulation  of  the  diode  itself,  thus  shifting  some 
velocity  locations  to  the  centre  of  the  sensor.  Common  mode 
noise  in  the  acquisition  system  will  produce  the  same  effect. 

Compared  to  figure  6.  the  sensor  exhibits  now  in  figure  9 
twice  the  full  width  at  half  maximum,  especially  at  37  mm. 
Here  it  has  a  total  span  of  2  mm. 

After  averaging  the  velocities  at  each  part  of  the 
distribution  in  figure  8,  we  compare  them  with  velocities 
obtained  from  a  dual-scatter  Doppler  probe  volume  oriented 
perpendicular  to  the  optical  axis  of  the  combined  probe.  This 
probe  is  a  two-dimensional  probe  illuminated  by  the  green  and 
blue  line  of  an  Argon  ion  type  laser.  The  thickness  of  the  probe 
is  about  100  pm  and  thus  comparable  with  the  spatial 
resolution  of  the  combined  probe.  The  length  of  the  probe  is 
800  pm,  but  now  oriented  parallel  to  the  boundary  layer.We 
vary  the  location  of  the  probe  in  40  steps  of  1 00  pm  in  the 
boundary  layer.  In  figure  10  the  results  are  exhibited. 


Fig  10  Comparison  measurement  in  the  boundary  layer 

Both  methods,  the  enhanced  and  the  classical  one  using 
the  AR-LDA.  show  a  good  agreement  of  the  profiles  measured. 
In  the  region  of  high  turbulence  the  data  of  the  combined  probe 
exhibit  greater  deviations  up  to  3  %.  This  depends  mainly  on 
the  smaller  number  of  samples  taken  by  the  sensor  far  from  its 
centre.  Further  deviations  probably  are  due  to  noisy  signals.  As 
outlined  above,  the  influence  of  the  Doppler  period  is 
negligible,  but  the  time  of  flight  measurement  is  affected. 
Consider,  the  spatial  position  of  the  particle  can  change  by 
±1  ‘fringe’  unit  on  the  on-axis  distance. 

In  the  centre  of  the  distribution,  a  particle  shifted  in  one 
direction  will  be  equalized  by  a  particle  shifted  to  the  opposite 
direction.  At  positions  far  from  the  centre  of  the  probe,  only 
shifts  away  from  file  centre  will  succeed  in  being  acquired  by 
the  data  acquisition.  Particle  signals  shifted  by  noise  towards 
the  centre  have  smaller  amplitudes  and  signal  to  noise  ratios 
compared  to  particle  signals  from  positions  shifted  away  from 
the  centre.  Far  from  the  centre  of  the  sensor,  the  boundary 
layer  gradient  is  measured  smaller  in  a  system  with  noise 
present  than  without. 


4. 

A  new  LDA  method  has  been  developed  to  measure  (parts 
of)  velocity  profiles  while  leaving  the  measuring  apparatus 
fixed.  The  technique  described  is  able  to  resolve  within  the 
measuring  volume  and  allows  improvements  by  an  order  of 
magnitude.  Using  a  cross  beam  LDA,  the  time  lag  of  Doppler 
signals,  corresponding  to  the  time  of  flight  from  the  dual-scaner 
probe  to  the  combined  reference- scatter  probe,  yields  the 
on-axis  distance  from  the  centre  of  the  probes. 

The  fringe  distance  of  the  system  can  be  corrected 
individually  along  the  optical  axis  of  the  probe  to  increase  the 
accuracy  of  the  sensor. 

Particle  sizing  with  the  probe  is  possible,  but  needs 
further  investigation  Therefore,  the  above  application  was 
restricted  to  monodisperse  particles  of  less  than  5  pm  in 
diameter  as  well  as  to  particle  diameter  distributions  around 
1,3  pm. 

The  enhanced  system  allows  to  measure  boundary  layers 
and  whole  profiles  within  a  span  of  up  to  2  mm.  Potentially,  the 
spatial  resolution  inside  the  measuring  volume  can  be  increased 
again  by  an  order  of  magnitude  (to  10  pm)  using  better  data 
reduction  methods  than  shown. 

The  poorer  signal  quality  (SNR»10dB)  of  our 
reference-scatter  system  compared  to  the  dual-scatter  signal 
(SNR=20  dB)  and  its  influence  on  the  time  of  flight 
measurement  can  be  improved  by  selecting  more  noiseless 
lasing  and  sensing  devices. 
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4. 


CONCLUSIONS 


more  at  60  mm  reflects  the  dilution  of  particle  density  at  the 
nozzle  boundary. 

The  peaks  at  57,  58  and  59  mm  can  be  seen  as  produced 
by  common  mode  noise  in  the  semiconductor  GaAlAs  laser. 
Rejected  light  from  surfaces  into  the  diode  can  result  in  an 
intensity  modulation  of  the  diode  itself;  thus  shifting  some 
velocity  locations  to  the  centre  of  the  sensor.  Common  mode 
noise  in  the  acquisition  system  will  produce  the  same  effect 

Compared  to  figure  6,  the  sensor  exhibits  now  in  figure  9 
twice  the  full  width  at  half  maximum,  especially  at  57  nun. 
Here  it  has  a  total  span  of  2  mm. 

After  averaging  fire  velocities  at  each  part  of  the 
distribution  in  figure  8,  we  compare  them  with  velocities 
obtained  from  a  dual-scatter  Doppler  probe  volume  oriented 
perpendicular  to  the  optical  axis  of  file  combined  probe.  This 
probe  is  a  two-dimensional  probe  illuminated  by  file  green  and 
blue  line  of  an  Argon  ion  type  laser.  The  thickness  of  the  probe 
is  about  100  pm  and  thus  comparable  with  the  spatial 
resolution  of  the  combined  probe.  The  length  of  file  probe  is 
800  pm,  but  now  oriented  parallel  to  the  boundary  layer.  We 
vary  file  location  of  file  probe  in  40  steps  of  100  pm  in  file 
boundary  layer.  In  figure  10  the  results  are  exhibited. 


radial  position  — ► 


A  new  LDA  method  has  been  developed  to  measure  (parts 
of)  velocity  profiles  while  leaving  file  measuring  apparatus 
fixed.  The  technique  described  is  able  to  resolve  within  the 
measuring  volume  and  allows  improvements  by  an  order  of 
magnitude.  Using  a  cross  beam  LDA,  the  time  lag  of  Doppler 
signals,  corresponding  to  the  time  of  flight  from  the  dual-scatter 
probe  to  the  combined  reference-scatter  probe,  yields  the 
on-axis  distance  from  file  centre  of  the  probes. 

The  fringe  distance  of  the  system  can  be  corrected 
individually  along  the  optical  axis  of  the  probe  to  increase  the 
accuracy  of  the  sensor. 

Particle  sizing  with  the  probe  is  possible,  but  needs 
further  investigation.  Therefore,  the  above  application  was 
restricted  to  monodisperse  particles  of  less  than  5  pm  in 
diameter  as  well  as  to  particle  diameter  distributions  around 
1,5  pm. 

The  enhanced  system  allows  to  measure  boundary  layers 
and  whole  profiles  within  a  span  of  up  to  2  mm.  Potentially,  the 
spatial  resolution  inside  the  measuring  volume  can  be  increased 
again  by  an  order  of  magnitude  (to  10  pm)  using  better  data 
reduction  methods  than  shown. 

The  poorer  signal  quality  (SNR*10  dB)  of  our 
reference-scatter  system  compared  to  die  dual-scatter  signal 
(SNR. "20  dB)  and  its  influence  on  die  time  of  flight 
measurement  can  be  improved  by  selecting  more  noiseless 
lasing  and  sensing  devices. 
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Fig.  10  Comparison  measurement  in  the  boundary  layer 
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ABSTRACT 

A  technique  for  simultaneous  multi-point  formation  of 
measurement  volumes  has  been  developed.  The  technique, 
which  uses  a  holographic  optical  element  (HOE)  lens,  can  be 
used  in  conjunction  with  any  laser  measurement  system, 
including  laser  Doppler  and  laser  transit  anemometry,  and  laser 
induced  fluorescence.  The  technique  is  based  on  recording  the 
locations  of  the  measurement  volumes  on  a  hologram.  When  the 
hologram  is  illuminated  by  a  collimated  beam,  the  images  of  the 
measurement  volumes  (foci)  are  reconstructed.  The  foci  can  be 
arranged  to  fall  on  a  line,  a  plane,  or  within  a  volume.  Two  HOE 
lenses,  3  foci  and  9  foci,  were  designed  and  fabricated.  The 
measured  spot  size  using  the  HOE  lens  was  comparable  to  the 
diffraction  limited  spot  size.  The  maximum  laser  intensity 
fluctuations  were  ±13%  over  the  9  foci. 

Two  sets  of  measurements  were  performed  using  the  HOE 
lens.  The  first  set  included  measuring  the  velocity  using  a  wire 
attached  to  a  rotating  disc.  The  second  set  involved  measuring 
the  velocity  profile  in  a  fully  developed  turbulent  pipe  flow.  The 
uncertainty  of  the  measured  velocity  using  the  HOE  lens 
compared  to  an  achromatic  lens  was  within  ±0.1%. 


L  INTRODUCTION 

Simultaneous  multi-point  velocity  measurements  are 
desirable  in  many  diverse  applications  such  as  studies  of 
turbulent  and  unsteady  flows,  and  measurements  of  volumetric 
flow  rates.  Investigations  of  turbulent  flows,  such  as  interference 
of  jets,  flow  swirl,  and  associated  fundamental  eddy  structure 
require  knowledge  of  time-space  correlation  profiles.  The 
spatial  velocity  profile  must  be  measured  instantaneously  to 
resolve  time-space  correlations.  Studies  involving  unsteady 
flows  or  in  wind  tunnel  applications  where  steady  state 
conditions  exist  only  for  a  short  period  of  time,  e.g..  shock  lubes 
or  blow  down  tunnels,  require  instantaneous  measurements  of 
the  velocity  at  multi-points.  Volumetric  flow  rate  measurements 
which  are  essential  to  many  applications  such  as  custody  transfer 
and  distribution  operations  in  gas  pipelines,  and  air  intake  for  the 
combustion  process  in  gas  turbine  engines  and  internal  com¬ 
bustion  engines  also  require  multi-point  velocity  measurements. 

Techniques  to  measure  velocity  distribution  rely  on  one  of 
the  following  concepts:  1 )  illumination  of  the  measurement  area 
by  a  laser  sheet,  e.g..  particle  image  velocimetry  (PIV)  [I.2J.  2) 
scanning  the  probe  volume  over  the  measurement  area.  e.g.. 
scanning  laser  Doppler  velocimetry  (LDV)  [3J.  and  3)  splitting 
the  laser  beam  into  a  number  of  beams  and  duplicating  the 
transmitter  optics,  e.g..  diffraction  grating  method  {4],  and 


special  beam  splitter  optics  techniques  (5).  The  laser  sheet 
illumination  method  is  inefficient  because  it  requires  powerful 
lasers  to  illuminate  an  area  much  larger  than  required  for  the 
measurement  points.  The  drawbacks  of  the  scanning  method 
include  measurement  position  uncertainties,  and  measurement 
bias  due  to  continuous  movement  of  the  measurement  volume. 
The  beam  splitting  method  is  limited  to  a  few  applications 
because  the  number  of  measurement  volumes  arc  restricted  by 
the  optics,  and  the  quality  of  laser  beam  at  the  measurement 
volumes  is  insufficient  for  LDV  measurements. 

The  present  study  reports  on  a  new  technique  for  multipoint 
formation  that  avoids  the  drawbacks  of  current  methods.  The 
technique  depends  .on  recording  the  locations  of  the  foci  on  a 
hologram  which,  if  illuminated  by  a  collimated  beam, 
reconstructs  the  images  of  the  foci.  Consequently,  the 
measurement  volumes  are  generated  where  they  are  needed,  thus 
optimizing  the  laser  power.  The  technique  has  the  advantage  of 
high  laser  beam  splitting  efficiency  while  maintaining  equal  laser 
intensity  at  the  multiple  foci.  Simultaneous  multiple 
measurement  volumes  are  produced  without  any  mechanically 
moving  parts.  The  hologram  lens  can  be  used  in  conjunction 
with  any  laser  measurement  system  such  as  laser  Doppler  and 
laser  transit  anemometry,  and  laser  induced  fluorescence. 

The  technique  was  first  applied  to  measure  the  velocity  in  a 
controlled  testbed  using  a  wire  attached  to  a  rotating  disc.  The 
velocity  profile  in  a  fully  developed  turbulent  pipe  flow  was  then 
measured.  In  the  following,  the  principle  of  multi-point 
formation  will  be  discussed  followed  by  an  analysis  of  the  probe 
volume  characteristics  using  HOE.  The  experimental  set-up  is 
described  and  laboratory  evaluation  of  HOE  performance  is 
given. 


1  PRINCIPLE  OF  MULTI-POINT  FORMATION 

Simultaneous  multiple  foci  arc  generated  using  a 
holographic  optical  element  (HOE)  lens.  The  function  of  the 
HOE  lens  is  to  focus  a  collimated  laser  beam  into  a  number  of 
foci.  The  foci  can  be  arranged  to  fall  on  a  line,  a  plane,  or  within 
a  volume.  The  line  arrangement  can  be  either  off-axis  or  on- 
axis.  as  shown  in  Fig.  1.  The  plane  configuration  is  similar  to  a 
two-dimensional  off-axis  line  application.  The  volume 
arrangement  is  a  combination  of  plane  configuration  and  on-axis 
line  geometry.  Other  geometrical  arrangements  lor  the  foci  ma\ 
be  conceived. 

The  versatility  of  the  HOE  lens  to  achieve  different 
geometries  for  the  foci  locations  is  due  to  the  process  by  which 
the  hologram  is  constructed.  A  light  source  located  at  the 
required  focal  point  is  used  to  record  the  hologram  By  moving 
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the  light  source  to  the  second  focal  point,  a  second  picture  can  be 
recorded  on  the  same  hologram,  and  the  process  is  repeated  for 
all  the  focal  points.  When  the  hologram  is  reconstructed  the 
images  of  the  foci  are  reproduced. 

The  key  issues  in  constructing  the  HOE  lens  are:  (I )  image 
quality  at  the  focal  point,  (2)  beam  splitting  efficiency,  and 
(3)  shadow  effects  for  on-axis  applications.  In  the  following,  an 
analysis  of  these  key  issues  will  be  given. 

2.1  Image  Quality  at  the  Focal  Point 

Image  quality  at  the  focal  point  is  of  particular  importance 
to  laser  velocimetry  optics  because  it  determines  the  resolution 
and  the  signal  to  noise  ratio  (SNR)  of  the  instrument.  The  ability 
of  the  HOE  lens  to  generate  diffraction-limited  spot  size  requires 
special  considerations  during  the  fabrication  of  the  hologram. 
First,  the  light  source  used  to  record  the  hologram  must  be  free 
from  spherical  aberrations,  and  must  be  of  a  size  equal  to  the 
diffraction-limited  spot  size.  Second,  the  wavefront  distortion 
introduced  by  the  holographic  material  must  be  eliminated  or 
reduced. 

The  amplitude  A  of  the  reconstruction  wave  in  the  primary 
focus  of  a  HOE  lens  of  focal  length  f  is  described  by  the 
relationship  [6], 

T j(S2+’l2)  ,,, 

A(irj.f)  =  Ce-f  F(b(x,y))  (,) 

where  b(x,y)  is  the  aperture  function,  F  denotes  Fourier 
transform,  £  and  tj  are  the  coordinates  in  the  focal  plane,  and  x 
and  y  are  the  coordinates  in  the  hologram  plane. 

During  the  holographic  recording  process,  variations  in  the 
layer  thickness  of  the  holographic  recording  material  introduces 
phase  distortion  <p(x,y)  to  the  original  wavefront.  Although  <p  is 
usually  very  small,  it  can  result  in  a  substantial  deformation  of 
the  measuring  volume.  Introducing  phase  distortion  to  the 
primary  focus  of  HOE  modifies  the  amplitude  described  by 
equation  I  such  'hat 

A($.n.f)  =  Ce2’  (F(b)+F(b)*F(jq>(x,y))l  (2) 

The  resolution  of  the  holographic  lens,  described  by  equation 
(2),  is  determined  from  the  aperture  function  and  phase  distortion 
of  the  reconstructed  wave.  For  a  top  hat  aperture  function, 
equation  (2)  shows  that  if  the  distortion  <p(x,y)  contains  low  spa¬ 
tial  frequencies,  i.e..  order  of  the  inverse  of  aperture  diameter, 
the  resolution  of  the  spot  size  formed  by  the  holographic  lens 
will  be  equal  to  the  diffraction  limited  spot  size.  The  hologram 
spatial  frequency  S  f  can  be  found  from  the  relationship 

Sf  =  Utzon.*!.  <J> 

L 

where  A,0  is  the  wavelength  of  incident  wavefront,  and  Ax/L  is 
the  thickness  variation  per  unit  length.  Therefore,  for  a  I  cm 
diameter  aperture,  diffraction  limited  spot  size  can  be  obtained 
when  the  maximum  thickness  variation  is  5s  0.5  pm/cm  It  has 
been  demonstrated  in  the  literature  (7]  that  it  is  possible  to 
fabricate  HOE  lens  with  a  thickness  variation  of  0.2  pm/cm. 
Therefore,  for  most  optical  configurations  it  is  possible  to 


manufacture  a  HOE  lens  with  a  beam  quality  at  the  measurement 
volume  approximately  the  same  as  an  aberration  free  lens 

2.2  Beam  Splitting  Efficiency 

The  hologram  diffraction  efficiency  is  defined  as  the  ratio 
of  the  useful  image  forming  light  intensity  diffracted  by  the  holo¬ 
gram  to  the  total  light  intensity  used  to  illuminate  the  hologram 
The  efficiency  of  splitting  the  incoming  laser  beam  into  multiple 
foci  largely  depends  on  the  holographic  recording  material 
[8-10).  High  efficiency  HOE  lens  is  obtained  by  recording  the 
hologram  on  a  dichromated  gelatin  (DCG)  material.  Efficiencies 
of  approximately  75-80%  have  been  reported  in  the  literature 
111],  The  quality  of  the  images  formed  by  a  DCG  hologram  is 
best  when  a  visible  light  in  the  400-500  nm  range  is  used  to 
record  the  hologram.  When  such  a  hologram  is  constructed 
using  a  laser  diode  in  the  700-900  nm  range,  a  correction  of  the 
location  of  the  foci  due  to  chromatic  aberration  must  be  made. 
Silver  halides  allow  holograms  to  be  recorded  and  reconstructed 
in  the  near  infrared  wavelength  range,  thus  avoiding  chromatic 
aberrations  when  laser  diodes  are  used.  However,  silver  halides 
have  poor  diffraction  efficiency,  i.e.,  5-10%. 

Since  the  signal-to-noise  ratio  of  optical  instruments  is 
proportional  to  the  square  root  of  the  laser  intensity,  a  uniform 
laser  intensity  at  the  HOE  foci  is  required  To  achieve  this 
condition,  the  exposure  time  for  each  foci  must  be  adjusted  to 
take  into  account  the  effects  of  subsequent  exposures.  Foci-to- 
foci  intensity  variations  of  the  order  of  10%  are  expected  due  to 
variations  in  the  holographic  plate  modulation  transfer  function 
(MTF)  which  affects  the  exposure  time.  For  a  10%  laser 
intensity  variation,  the  signal-to-noise  ratio  at  the  different  foci 
will  fluctuate  by  5%  which  is  well  within  the  acceptable 
tolerance  range  of  most  optical  instruments. 

23  Shadow  Effect 

The  building  block  for  any  geometrical  arrangement  of  the 
foci  is  the  on-axis  and  off-axis  line  configurations.  For  large  off  - 
axis  angle  applications,  i.e.,  off-axis  angles  >5°.  lens  aberrations, 
including  spherical  aberrations,  coma,  and  field  curvature,  result 
in  large  spot  size.  In  these  applications  an  additional  lens  can  be 
used  to  correct  the  aberrations  and  generate  a  spot  size  about  the 
same  as  the  diffraction  limited  beam  waist.  The  spatial  resolut¬ 
ion  of  the  on-axis  configuration  is  limited  by  the  shadowing 
effect  that  occurs  due  to  interference  from  the  superposition  of 
light  generated  by  diverged  beams  upstream  of  the  focal  point 
(shown  in  Fig.  2).  Beam  divergence  after  the  upstream  focal 
point  casts  a  shadow  on  the  subsequent  focal  points  This  effect 
is  equivalent  to  the  existence  of  background  noise.  Therefore,  a 
signal  to  shadow  ratio  (SSR)  can  be  defined  as: 

SSR\,  =  ur- 

XM, 

*=/ 

where  I;  is  the  laser  beam  intensity  at  point  i.  NF  is  the  number 
of  on-axis  focal  points,  and  /t|(  is  the  diverged  laser  beam 

intensity  at  point  i  due  to  a  beam  focused  at  point  k.  The 
tolerable  level  of  the  SSR.  which  is  a  function  of  the  number  and 
location  of  the  focal  points,  varies  with  the  applications 
depending  upon  the  signal-to-noise  ratio  and  the  data  acquisition 
and  processing  system.  Experimentally,  an  SSR  of  about  100  is 
adequate  for  most  applications:  however,  an  analysis  of 
acceptable  SSR  must  be  conducted. 
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1  HOE  PROBE  VOLUME  CHARACTERISTICS 


Two  HOE  lenses  were  designed  and  fabricated:  3-point  and 
9-poinl  HOE.  The  optical  quality  of  the  measurement  volumes 
is  characterized  by  the  size  of  laser  spot,  laser  beam  intensity 
variations  and  signal  to  shadow  ratio  (SSR).  The  laser  spot  size 
at  the  foci  was  determined  using  a  ray  tracing  technique.  The 
relative  intensities  of  the  foci  were  measured  using  a  silicon 
photodiode.  The  SSR  was  calculated  using  equation  4. 

Table  I  describes  the  characteristics  of  the  probe  volumes 
using  the  9-point  HOE.  The  maximum  focal  point  to  focal  point 
laser  intensity  fluctuations  was  within  ±13%  resulting  in 
maximum  variation  in  the  SNR  of  ±6.7%,  which  is  well  within 
the  capabilities  of  most  detectors'  dynamic  range  and  signal 
processing  systems. 

The  spot  size  using  HOE  as  determined  from  ray  tracing 
was  comparable  to  the  diffraction  limited  spot  size  at  the  same 
location  as  described  in  Table  1.  High  optical  beam  quality  (spot 
size  is  of  the  order  of  the  theoretical  diffraction  limited  spot  size) 
at  the  measurement  volume  is  important  to  the  overall  instrument 
signal  to  noise  ratio  Spot  sizes  much  larger  than  the  diffraction 
limited  spot  size  reduce  both  the  laser  power  per  unit  area  and 
the  resulting  signal,  and  degrades  the  instrument  spatial 
resolution. 

Table  1  shows  that  the  SSR  at  the  first  focal  point  is  the 
highest  because  the  laser  beam  rays  that  are  converging  to  form 
the  focal  points  (downstream  of  the  first  focus)  have  smaller 
power  per  unit  area  than  the  laser  beam  that  is  in  focus.  The 
SSR  decreases  as  the  contribution  from  the  upstream  foci 
increases.  At  the  5th  foci,  a  balance  is  achieved  between  the 
contribution  of  the  out-of-focus  and  in-focus  points.  The  min¬ 
imum  SSR  occurred  at  the  8th  foci,  owing  to  its  close  location  to 
the  7th  and  9th  foci  (dictated  by  the  nature  of  the  fully  developed 
turbulent  pipe  flow).  In  general,  the  SSR  can  be  optimized  by 
talcing  into  consideration  the  nature  of  the  fluid  flow  and  the 
distance  between  the  foci. 


4  HOE  PERFORMANCE  EVALUATION 
41  Velocity  Measurement  Technique 

The  HOE  lens  was  combined  with  diode  array  velocimetry 
(DAV)  technique  to  measure  the  velocity  at  multiple  points  [  12]. 
The  basic  concept  of  DAV  is  to  create  a  number  of  laser  spots  or 
sheets  at  the  probe  volume  as  shown  in  Fig.  3.  As  a  particle 
crosses  the  optical  pattern,  it  generates  a  signal  analogous  to  that 
of  fringe  LDV.  By  measuring  the  frequency  of  the  signal  u),  and 
by  knowing  the  spacing  between  spots  8.  the  velocity  u  is 
determined  from  the  relationship 
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where  b0  is  the  laser  beam  waist  at  the  probe  volume.  Nl.  is  the 
number  of  laser  spots  (sheets),  and  rect  is  the  rectangle  function. 

There  are  some  similarities  between  the  intensity  described 
by  equation  (6)  and  LDV  signals  after  completely  removing  the 
pedestal  component  through  a  high  pass  filter  First,  the 
exponential  term  is  the  same:  the  origin  of  that  term  is  the 
Gaussian  intensity  distribution  characteristic  of  most  lasers. 
Second,  the  periodic  component  in  DAV  is  described  as  a 
summation  of  rectangle  functions,  while  in  LDV  it  is  described 
by  a  cosine  function.  The  summation  term  in  equation  (6)  can  be 
approximated  by  a  cosine  function  when  the  beam  waist  bQ 

equals  the  beam  separation  6.  In  this  case,  the  periodic  term  in 
LDV  is  modulated  by  an  exponential  factor,  while  in  DAV.  the 
periodic  term  is  not  modulated.  Therefore,  high  signal  visibility 
can  be  obtained  with  DAV,  without  the  stringent  requirements 
that  have  to  be  satisfied  to  achieve  the  same  visibility  using  an 
LDV  system. 

42  Experimental  Setup 

The  output  of  four  individually  addressable  laser  diodes 
(3pmxl  pm)  was  collimated  using  a  12.5  mm  focal  length  lens. 
The  collimated  laser  beam  was  then  used  to  illuminate  the  HOE 
lens.  The  separation  of  the  laser  beams  at  the  foci  was  85  pm. 
The  DAV  receiving  optics,  and  data  processing  are  similar  to  the 
LDV  technique.  The  DAV  optical  system  is  schematically 
illustrated  in  Fig.  4.  Combining  the  DAV  technique  and  the 
HOE  lens  results  in  an  optimum  procedure  for  multi-point 
velocity  measurement  applications.  The  DAV  optical  transmitter 
does  not  need  the  stringent  optical  requirements  of  an  LDV.  and 
relies  on  the  use  of  collimated  beam  to  illuminate  the  HOE  lens. 
However,  the  HOE  technique  pan  be  integrated  with  the  optical 
train  of  an  LDV,  a  laser  transit  anemometry  (LTA).  or  a  laser 
induced  fluorescence  (LIF)  system. 

Two  sets  of  velocity  measurement  experiments  were 
conducted  to  determine  the  performance  of  the  HOE  lens: 
controlled  tests  and  wind  tunnel  tests.  The  controlled  tests  were 
performed  using  a  wire  which  was  projected  from  the  edge  of  a 
rotating  wheel.  The  wire,  which  simulated  particles  passing 
through  the  probe  volume,  was  75  pm  in  diameter.  The  signals 
from  the  wire  had  fixed  amplitude,  frequency  and  arrival  time 

The  flow  tests  were  performed  in  a  low  speed  wind  tunnel, 
schematically  shown  in  Fig.  5.  The  test  section  was  10  cm  in 
diameter  and  located  60  diameters  downstream  the  tunnel  inlet 
Reynolds  number,  based  on  centerline  velocity  and  test  section 
diameter,  varied  from  3XI04  to  2x10s.  The  flow  field  at  the  test 
section  was  fully  developed  turbulent  pipe  flow 


Measurements  in  the  frequency  domain  allow  the  separation  of 
the  noise  from  the  signal,  thus  improving  the  accuracy,  repeata¬ 
bility  and  the  detection  of  low  SNR.  The  incoherence  feature  of 
the  technique  relaxes  the  stringent  requirements  imposed  by 
LDV  and.  thus,  permits  the  utilization  of  laser  diode  arrays. 

The  intensity  distribution  at  the  focal  plane  of  a  perfect  lens, 
i.e..  aberration  free  lens,  due  to  laser  diode  array  illumination  is 
describtl  by  the  relationship 


&  RESULTS  AND  DISCUSSIONS 
5.1  Rotating  Wire  Velocity  Measurements 

The  velocity  of  the  rotating  wire  was  measured  usinc  the 
HOE  lens  and  an  achromatic  lens  at  each  focal  point  The 
velocity  statistics,  i.e..  average  and  standard  deviation  (RMS)  of 
the  rotating  wire,  were  determined  using  10.000  velocity 
samples  Since  the  sampling  process  is  Poisson  distributed,  the 
corresponding  statistical  error  was  ±0  1%  The  rotating  wire 
RMS  velocity  using  an  achromatic  lens  was  ±O  I9f.  i.e..  within 
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the  statistical  error.  The  RMS  velocity  using  the  HOE  lens  was 
also  ±0.1%.  Therefore,  the  velocity  uncertainty  due  to  using  the 
HOE  was  dominated  by  the  repeatability  of  the  experiment 
which  was  within  ±0.1%.  A  conservative  conclusion  would  be 
that  the  velocity  error  due  to  using  the  HOE  lens  is  much  less 
than  ±0.1%. 

5.2  Wind  Tunnel  Tests 

The  HOE-DAV  method  was  used  to  measure  the  centerline 
velocity  in  the  tunnel  in  the  Reynolds  number  range  3x  I04  to 
1.7x10s,  which  corresponds  to  a  velocity  range  of  4.5  to 
25  m/sec.  The  particle  average  size  was  5  pm.  The  tunnel 
velocity  statistics  were  obtained  using  4,000  velocity  samples  at 
each  point.  The  tunnel  centerline  average  velocity  was  measured 
using  a  HOE  lens  and  an  achromatic  lens.  The  two  velocities 
were  within  ±0.1%.  Figure  6  shows  the  average  velocity  profile 
obtained  by  3-points  HOE  lens  at  5  mm,  15  mm  and  50  mm  from 
the  pipe  wall,  at  a  Reynolds  number  of  1.7x  10s.  The  turbulence 
intensity  was  calculated  from  the  ratio  of  the  root  mean  square 
value  of  the  velocity  samples  normalized  by  the  local  mean 
velocity.  The  measured  centerline  turbulence  intensity  using  the 
HOE  lens  was  compared  to  the  intensity  measured  using  an 
achromatic  lens,  showing  that  the  two  intensities  were  within 
±0.1%.  A  plot  of  the  turbulence  intensity  profile  at  5  mm. 
15  mm,  and  50  mm  from  the  pipe  wall,  at  a  Reynolds  number  of 
1.7x10s,  using  the  HOE  lens  is  shown  in  Fig.  7.  The  turbulence 
intensity  profile  using  the  HOE  lens  correlates  to  within  ±0.1% 
of  the  profile  measured  using  an  achromatic  lens. 


6.  CONCLUSIONS 

A  multi-point  velocity  measurement  technique  using  a  HOE 
lens  has  been  developed.  The  location  of  the  measurement 
volumes  can  be  arranged  to  fall  on  a  line,  a  plane,  or  within  a 
volume.  The  HOE  lens  can  be  incorporated  with  a  number  of 
laser  measurement  techniques  including  LDV,  LTA.  and  LIF  to 
generate  multiple  foci.  Two  HOE  lenses,  3-point  and  9-point, 
were  designed  and  fabricated.  The  performance  of  the  HOE 
lenses  was  evaluated  using  a  wire  attached  to  a  rotating  disc  and 
through  wind  tunnel  tests.  Fully  developed  turbulent  velocity 
profiles  in  a  pipe  flow  were  obtained  using  these  HOE  lenses 
The  tests  show  that  the  HOE  spot  size  was  approximately  the 
same  as  the  theoretical  diffraction  limited  value.  The  maximum 
laser  intensity  variations  at  all  foci  were  ±13%  and  the  hologram 
diffraction  efficiency  was  70%.  The  minimum  SSR  was  73:1 
near  the  pipe  wall  where  a  large  number  of  foci  were  required 
due  to  the  steep  velocity  gradient.  The  velocity  uncertainty 
using  the  HOE  lens  was  less  than  the  instrument's  ±0.1% 
uncertainty 


NOMENCLATURE 

A  Amplitude  of  reconstructed  wave 

B  constant 

b  Aperture  function 

b0  Laser  beam  waist  at  the  probe  volume 

C  Constant 

F  Fourier  transform 

f  Focal  length  of  HOE  lens 

lj  Laser  beam  intensity  at  focal  point  i 

k  Wave  number 

L  Hologram  thickness 


no 

Index  of  refraction  in  air 

NF 

Number  of  foci 

"H 

Index  of  refraction  of  holographic  material 

NL 

Number  of  laser  sheets 

Sf 

Hologram  spatial  frequency 

SSR 

Signal  to  shadow  ratio 

t 

time 

u 

velocity 

x  and  y 

Hologram  coordinates 

Greek 

Ax 

Thickness  variation  of  holographic  material 

<P 

Phase  distortion  introduced  by  the  holograph 
recording  material 

*0 

Wavelength  of  incident  wavefront 

!;  and  t) 

Focal  plane  coordinates 

5 

Laser  sheet-to-sheet  separation 

to 

DAV  signal  frequency 
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Table  1 .  Foci  Location,  Laser  Intensity,  and  Spot  Size 


Foci  Location  (mm) 

(relative  to  hologram) 

Foci  Location  (mm) 

(relative  to  pipe  wall) 

Relative  L.aser 
Intensity 

Spot  Size 
(Jim) 

SSR 

60.00 

50.00 

113 

4.8 

664 

68.42 

43.18 

102 

5.4 

411 

76.04 

35.56 

109 

5.9 

321 

83.66 

27.94 

135 

6.5 

252 

91.28 

20.32 

121 

7.1 

144 

96.36 

15.24 

131 

7.5 

105 

'.01.44 

10.16 

149 

7.9 

94 

106.52 

5.10 

146 

8.3 

73 

1 10.33 

1.27 

149 

8.5 

101 
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Figure  1-b.  On-Axis  HOE  Arrangement 


Figure  I -a.  Off-Axis  HOE  Arrangement 


17.2.5. 


Internal  Pipe  Wall 


Figure  2.  Schematic  of  Shadowing  Effect 
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Figure  3.  Schematic  of  DAV  Technique 


Figure  4.  Schematic  of  the  Optical  System 
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Figure  5  Schematic  of  the  Wind  Tunnel 


17.2.7. 


%  Local  turbulence  intensity 


1 


3-Points  HOE 


0) 

c 

£  0.8 
c 
0 
o 

3  0.6 

>. 


o 

o 

"35 

> 

T3 

0 

N 

"5 

E 

t- 

o 

Z 


0.4 


0.2 


0 


0.2  0.4  0.6  0.8  1 

Normalized  radius  (r/R) 

■  Re  #  =  1 .7E5  ▼  Re  #  =  1.1E5  •  Re#  =  9E4 


Figure  6.  Three-Point  HOE  Velocity  Profile 


Figure  7.  Local  Turbulence  Intensity  at  High  Re  # 
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ABSTRACT 

Often  when  making  3D  coincident  Laser  Doppler 
Anemometry  (LDA)  measurements,  restricted  optical  access 
means  that  the  measured  velocities  have  to  be  transformed  into 
orthogonal  components  to  fully  define  the  flow  field.  This 
paper  is  concerned  with  the  errors  that  can  occur  during  this 
process.  Errors  in  the  derived  orthogonal  mean  velocities  are 
determined  by  the  accuracy  to  which  the  laser  beam  alignment 
can  be  obtained.  In  addition  the  finite  resolution,  to  which  each 
processor  determines  the  measured  velocities,  can  lead  to  errors 
in  the  derived  Reynolds  stresses  which  may  be  amplified  by  the 
transformation  process.  A  method  is  presented  that  estimates 
the  relative  experimental  error  that  occurs  as  the  direction  of 
the  measured  velocity  components  is  varied.  These  predictions 
are  compared  with  measurements,  obtained  on  a  fully  annular 
facility,  in  which  these  errors  were  observed.  Whilst  their 
magnitude  is  a  function  of  the  alignment  of  the  measured 
velocity  components,  the  significance  of  these  errors  depends 
upon  the  particular  application  and  the  flow  field  being 
measured. 


INTRODUCTION 

In  a  wide  variety  of  applications  a  better  understanding 
of  the  physical  behaviour  of  turbulent  flow  may  be  obtained 
through  more  detailed  and  comprehensive  measurements.  At 
the  same  time  this  information  may  be  used  to  validate  and 
improve  turbulence  models  for  the  accurate  prediction  of  the 
flow.  Thus,  in  addition  to  the  mean  velocities,  it  may  be 
desirable  to  evaluate  the  time-averaged  Reynolds  stresses  and 
higher  order  velocity  correlations  Such  information  Can  be 
obtained  using  LDA,  with  an  additional  advantage  being  the 
non-intrusive  nature  of  this  measurement  technique.  Although 
a  well  established  method,  significant  complications  can  arise 
since,  in  order  to  obtain  all  the  time-averaged  velocity  data,  it  is 
necessary  to  simultaneously  measure  velocity  components  in 
3  different  directions.  Furthermore,  optical  access  to  the 
measurement  region  is  often  limited,  and  so  the  measured 


velocity  data  has  to  be  transformed  in  order  to  derive  3  mutually 
orthogonal  components.  One  such  application  using  these 
techniques  is  described  by  CaiTotte  etal.  (1993),  in  which 
methods  have  been  developed  for  obtaining  coincident  3D  LDA 
measurements  on  a  facility  that  simulates  the  flow  within  gas 
turbine  engines.  These  geometries  are  characterised  by 
relatively  small  annular  passages  in  which  the  optical  access  to 
the  measurement  region  is  severely  restricted.  Thus,  both  the 
transmitted  light  and  the  reflected  signals  have  to  pass  through 
an  outer  casing  with  the  measured  velocity  components  being 
highly  non-orthogonal.  Of  particular  difficulty  is  the  accurate 
definition  of  the  velocity  in  the  radial  direction. 

This  paper  concentrates  on  the  errors  which  occur,  in 
the  derived  quantities,  due  to  transformation  of  the  measured 
velocities  into  3  orthogonal  components.  Particular  attention  is 
paid  to  the  way  in  which  the  transformation  process  gives  rise 
to  a  poorer  resolution  of  the  derived  orthogonal  velocities, 
compared  with  that  of  the  components  measured  by  each 
processor,  which  can  lead  to  errors  in  the  derived  turbulence 
quantities.  A  theoretical  analysis  is  presented  and  compared 
with  measurements  obtained  in  a  fully  annular  S-shaped  duct 
facility.  This  simulates  the  flow  within  a  passage  connecting 
the  compressor  spools  of  a  gas  turbine  engine.  Although  these 
errors  will  be  present  in  a  wide  variety  of  applications,  they 
could  be  of  particular  significance  for  annular  duct  applications 
because  of  the  limited  access  to  the  measurement  region. 

ANALYSIS  OF  TRANSFORMATION  ERRORS 

Various  factors  determine  the  direction  of  each 
measured  velocity  component  and  hence  the  transformation 
matrix  that  must  be  applied  to  convert  the  measured  velocities 
(C|.  C2.  Cj)  into  the  orthogonal  components  (u,  v,  w).  i.e.. 


u 

al  1 

al2 

al3 

Cl 

V 

'  = 

a2l 

a  22 

a23 

c2 

w 

.a3! 

a32 

a33. 

C^ 

Alternatively,  this  can  be  written  as. 
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u,  =a,,  c,  (2) 

where  the  i  th.  component  of  velocity  is  obtained  by  summing 
for  j  =  1.3 

Clearly,  errors  in  the  derived  velocity  components  will 
occur  if  the  terms  in  the  transformation  matrix  (a,,)  are  not  of 
the  correct  magnitude.  Systematic  errors  of  this  type  are  a 
function  of  the  orientation  of  the  laser  beams,  with  respect  to 
the  orthogonal  axes  of  the  tig.  and  the  accuracy  to  which  these 
can  be  measured.  Knowledge  of  the  limits  to  which  laser  beam 
alignment  can  be  determined  allows  the  terms  in  the 
transformation  matrix  (a^)  to  be  varied  to  correspond  with  these 
limits  and  the  effect  on  the  mean  orthogonal  velocities 
(U.  V,  W)  evaluated.  However,  this  paper  is  more  concerned 
with  the  errors  that  arise  due  to  the  finite  resolution  to  which 
each  velocity  sample  can  be  determined  and  the  influence  of  the 
optical  transformation  upon  these  errors. 

In  converting  each  Doppler  burst  into  a  velocity 
measurement,  the  finite  resolution  (Ac,)  of  the  processor  means 
that  c,  can  only  be  determined  to  within  ±Ac,  of  its  true  value. 
(N.B.  This  is  common  to  all  processors.)  Hence,  each  derived 
orthogonal  velocity  will  also  be  subject  to  a  finite  resolution 
(AUj),  but  this  is  of  different  magnitude  to  that  determined  by 
each  processor  and  is  given  by. 


.  dU;  .  dU:  dUj  , 

Au,  =  — *-AC|  +  — — LAc2  +t-!-Ac1 

OCj  0C2  0C3 


But  duj/dcj  =  ay  therefore. 


AUj  =  a,j  Acj 


(3) 

(4) 


Since  the  resolution  error  of  each  processor  is  random  it  will 
have  no  effect  on  the  mean  orthogonal  velocities  (Uj)  obtained 

from  averaging  over  a  number  of  bursts  as  Act  =  0 .  However, 
since  (ACj)2  *0  all  the  measured  Reynolds  stresses  ( u,uj )  will 
contain  errors  (AUjUj )  which  are  given  by  the  product  Au,Auj . 
Using  equation  (4)  and  assuming  that  Ac, Ac,  =  0  leads  to. 


AUjUj  =  aik  ajk  (Ack)2 


(5) 


For  example,  the  uv  error  ( Auv )  is  given  by. 

Auv  =  (3|  |  821  )(AC|  )2  +  ( a  j  2  a22  K^c2  )2  +  (a  1 3  3  23^  ^"3  )2 
and  the  w  error  ( Aw )  is  given  by. 

Aw  =  (a2,)2(AC|)2  +  (a  22  )2(Ac,)2  +  (a23>2(Ac3)3 

The  resolution  is  a  function  of  the  type  of  processor  and 
the  signal-to-noise  ratio  (SNR)  associated  with  a  given 
measurement.  However,  it  should  be  noted  that  the  Reynolds 

stress  errors  (Au,Uj )  are  also  determined  by  the  magnitude  of 
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Figure  1  Experimental  Facility 


the  terms  in  the  transformation  matrix  (a,j)  Thus,  although 
errors  in  the  variance  of  each  measured  component  will  always 
occur,  due  to  the  finite  processor  resolution,  the  transformation 
process  can  give  rise  to  errors  in  all  the  derived  Reynolds  stress 
components  which  may  be  amplified  to  much  higher  levels. 
The  amplification  is  dependant  upon  the  optical  transformation 
and  can  be  significantly  larger  for  one  Reynolds  stress 
component  compared  with  others.  Further,  equation  (5)  shows 
that  the  derived  normal  stresses  are  always  greater  than  their 
true  values,  whereas  the  shear  stresses  may  be  subjected  to 
errors  of  either  sign 


EXPERIMENTAL  FACILITY 

Measurements  have  been  made  on  a  fully  annular 
facility  which  simulates  the  flow  within  the  duct  connecting  the 
compressor  spools  of  gas  turbine  engines.  Optimisation 
necessitates  that  each  spool  is  of  different  diameter  and  so  the 
interconnecting  duct  takes  the  form  of  a  complex  S  shape.  The 
experimental  facility  (Fig.  I )  is  vertically  mounted  with  air 
being  drawn  from  atmosphere  into  a  large  plenum  before 
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Figure  2  Optical  Arrangement 

passing  through  the  intake  which  also  contains  a  honeycomb 
flow  straightener.  At  the  end  of  the  inlet  section,  7  hydraulic 
diameters  long,  an  axial  compressor  can  be  incorporated 
immediately  upstream  of  the  annular  S-shaped  duct  to  generate 
engine  representative  inlet  conditions.  However,  all  the 
measurements  presented  in  this  paper  are  with  the  compressor 
removed  so  that  entry  conditions  to  the  duct  are  determined  by 
turbulent  boundary  layer  development  along  the  inlet  length.  In 
this  case  air  is  drawn  through  the  facility  by  two  centrifugal 
compressors  located  in  the  exhaust  system.  The  test  section 
geometry  is  outlined  in  detail  by  Britchford  et  al.  (1994)  but  is 
of  constant  area  with  an  exit  to  inlet  mean  radius  ratio  of  0.8 
and  an  axial  length  to  inlet  passage  height  of  3.4.  Within  the 
duct  4  laser  windows  allow  measurements  al  up  to  1 1  traverse 
stations.  All  results  were  obtained  at  a  Reynolds  number,  based 
on  inlet  hydraulic  diameter  and  mean  passage  velocity,  of 
2.8x10s.  Results  have  already  been  presented  by  Britchford 
et  al.  (1994)  with  the  mean  velocity  profile  indicating  a  central 
'potential'  core  region,  along  the  entire  length  of  the  duct,  which 
isolates  the  boundary  layers  that  develop  along  each  wall.  It 
should  be  noted,  from  consideration  of  the  upstream  geometry, 
that  within  the  central  core  region  the  turbulence  is  isotropic 
(i.e.  uu  =  w  =  ww)  and  that  the  shear  stresses  are  all  of  zero 
magnitude  (i.e.  uv  =  uw  =  vw  =  0). 

INSTRUMENTATION  AND  SIGNAL  PROCESSING 

Measurements  have  been  obtained  using  a  Dantec 
colour  separated  3  channel  LDA  system  incorporating  the 


60x  fibrefiow  series  of  optical  elements.  Light  from  a  5  watt 
Argon  Ion  laser  was  separated  into  the  green,  blue  and  violet 
wavelengths  within  the  transmitter  box.  each  channel  also 
incorporating  a  40  MHz  frequency  shift  to  eliminate  fringe  bias 
Fibre  optic  links  connect  the  transmitter  box  to  the  optical 
probe  heads,  which  are  mounted  on  an  instrumentation  plate 
attached  to  the  side  of  the  lest  rig  (Fig  2).  Both  ID  (violet)  and 
2D  (blue,  green)  probe  heads,  of  diameter  14  mm.  are 
simultaneously  used  to  obtain  3  component  measurements.  In 
addition  to  the  transmitting  optics,  each  probe  also  incorporates 
receiving  optics  and  a  multi-mode  fibre  for  signal  transmission 
to  the  photomultipliers.  For  the  data  presented  here  beam 
expanders  were  also  used  resulting  in  each  channel  having  a 
beam  separation  of  16  mm  at  exit  from  the  expander,  a  focal 
length  of  1 20  mm  and  a  receiving  optics  aperture  of  diameter 
22  mm.  In  back-scatter  operation  this  gives  a  control  volume 
size  of  approximately  0.1x0.  Ixl.5  mm  However,  off-axis 
detection  was  used  in  all  the  results  presented,  with  the  ID 
probe  being  used  to  detect  signals  from  the  blue,  green  velocity 
components  and  vice-versa.  For  the  typical  included  angle  used 
this  gave  an  effective  control  volume  size  of  0.1x0. 1x0.3  mm. 

The  fully  annular  test  facility  meant  that  both  the 
transmitted  light  and  the  reflected  signal  have  to  pass  through 
the  outer  casing  with  optical  access  being  provided  by  several 
curved  perspex  windows  as  detailed  by  Carrotte  etal.  (1993). 
In  order  to  initially  align  the  laser  beams  each  window,  along 
with  the  instrumentation  plate  supporting  the  probes,  must  be 
removed  from  the  test  rig.  All  six  beams  are  then  projected 
through  the  window  and  aligned  to  simultaneously  pass  through 
a  50  pm  diameter  pin  hole.  In  this  way  the  required 
coincidence  of  the  control  volumes  and  receiving  optics  can  be 
achieved.  In  addition,  the  pin  hole  was  also  used  to  track  the 
path  of  each  beam  which  allowed  the  beam  alignment,  relative 
to  the  rig  axis,  to  be  determined  to  within  ±0.2°.  This 
information  is  required  for  obtaining  the  value  of  the  terms  (a(J) 
in  the  optical  transformation  matrix.  As  described  by  Carrotte 
et  al.  (1993),  the  ±0.2°  angle  variation  can  lead  to  errors  in  the 
measured  mean  orthogonal  velocity  components  (U,  V,  W)  of 
up  to  0.1  m/s  for  data  similar  to  that  presented  in  this  paper. 

Seeding  was  provided  by  a  TS1  six-jet  atomiser  using  a 
relatively  low  viscosity  oil.  The  resulting  particles  of 
approximately  0.5  pm  diameter  were  injected  by  a  single  radial 
pipe,  with  multiple  outlet  holes,  located  in  the  plenum  above 
the  measurement  position.  Signals  received  from  each  channel 
due  to  the  passage  of  particles  through  the  control  volume  were 
processed  in  the  frequency  domain  using  57N10  Burst 
Spectrum  Analysers  (BSAs).  All  measurements  were 
performed  with  hardware  coincidence  filtering  i.e.  data  was 
only  recorded  when  a  burst  was  simultaneously  registered  by 
the  detector  circuits  of  all  3  BSAs.  In  this  way  the  three 
velocity  components  recorded  for  each  measurement  were 
associated  with  the  same  particle  passing  through  the  control 
volume.  However,  after  coincidence  filtering  some  bursts  were 
rejected  by  the  internal  validation  tests  conducted  by  each 
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Probe  Angles 


18° 
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Reynolds  Stress  Error 
(Unity  Resolution) 


Auu 

Avv 

Auv 

0.58 

3  80 

-0.08 

1.48 

3.76 

1.72 

0.59 

3.76 

0.19 

0.59 

3.84 

-0.24 

0.60 

3.88 

-0.24 

0.61 

3.89 

-0.26 

0.61 

3.94 

-0.29 

0.59 

3.83 
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0.57 

4.24 

0.15 

0.57 

4.24 

0.15 
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0.73 

1.62 
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Table  1  Probe  Angle  Combination  and  Reynolds  Stress 
Errors  (Unitv  Resolution)  for  Each  Traverse 
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Figure  3  Variation  of  Reynolds  Stress  Errors  (Unity 
Resolution)  with  Probe  Angle  Combination 

processor.  For  this  reason  off-line  software  coincidence 
filtering  was  also  performed  in  which  a  data  point  was  only 
accepted  as  coincident  if  the  arrival  time  registered  by  each 
channel  was  within  the  time  estimated  for  the  particle  to  pass 
through  the  control  volume.  Some  10,000  bursts  were  collected 
at  each  point  but  the  internal  validation  process  and  software 
coincidence  filtering  meant  that  a  reduced  number  (typically 
4,000)  of  coincident  velocity  samples  were  available  for 
deriving  the  time  averaged  quantities. 


The  flow  field  is  to  be  defined  relative  to  orthogonal 
axes  in  the  axial  (x),  radial  (y)  and  circumferential  (z) 
directions  (Fig.  2).  However,  the  measured  velocity 
components  are  determined  by  the  alignment  of  the  optical 
probe  heads  on  the  test  facility.  The  ID  and  2D  probes  are  at 
angles  of  a  and  p  to  the  traverse  direction  and  lie  in  the 
axial-radial  plane.  In  addition,  whereas  the  violet  beams  are 
constrained  to  also  lie  in  this  plane,  the  planes  containing  the 
green  and  blue  beams  are  rotated  about  the  2D  probe  axis  by 
angles  yg  and  %  respectively.  All  the  angles  and  associated  sign 
conventions  are  defined  in  Figure  2  and  produce  a 
transformation  matrix  with  terms. 

sin(a)sin(yb) 


sin(a-p)sin(Yg  -  Yb) 


sin(a)sin(Y„) 

3p  —  — ; - - - 

'  sin(a-P)sin(Ys-Yb) 


sinflJ) 

3ti  —  - 

sin(a-P) 


cos(a)sin(Yb> 
sin(a-P)sintYg- Yb> 


a  22  -  — 


cos(a)  sin(Y„ ) 

sin(a-P)sin(Yg  -  Yb) 


Figure  4  Stream  wise  Velocity  Distribution  (x/L  =  1.4a)  Figure  5  Normal  Stress  Distributions  (x/L  =  1.4a) 


COS(P) 

a23  “  .  .  n , 

sin(a  -P) 

(6.6) 

_  _  cos(yb) 

31  sin(yg-yb) 

(6.7) 

cos(Yg) 

a32  = - e — 

sin(yg-yb) 

(6.8) 

a33  =0 

(6.9) 

The  measured  velocities  Ubsa,.  UBsa2  and  Ubsa3,  which  are 
associated  with  the  green,  blue  and  violet  control  volumes 
respectively,  are  then  related  to  the  orthogonal  velocities 
u,  v  and  w  via, 

u  an  at2  a,3  UbsA| 

■  v  •  =  a2|  a 22  a23  UbsA2  (7) 

WJ  la3l  a32  a33  J  ^BSA3 

Predicted  Probe  Angle  Effects 

In  order  to  asses  the  relative  magnitude  of  the  Reynolds 
stress  error  associated  with  each  component,  the  actual  terms  in 
the  transformation  (6)  were  included  in  equation  (S)  and  used  to 

calculate  Au,Uj  for  a  wide  range  of  probe  angle  combinations 
(a,  P).  The  errors  are  presented  as  contour  plots  (Fig.  3),  with 
each  angle  combination  being  defined  in  terms  of  the  included 
angle  between  the  probes  (a-(3)  and  the  average  angle  made  by 
the  probes  with  respect  to  the  traverse  direction  0.5(a+(5)  It 
was  assumed  that  the  green  and  blue  fringe  angles  (yg,  yb)  were 
at  45°  and  -45°  respectively,  as  was  approximately  the  case  in 
the  experimental  measurements,  and  that  the  resolution  of  each 
processor  (AU»saV)  was  of  unity  magnitude  (i.e.  1  m/s).  This 


latter  assumption  is  not  realistic  and  so  for  the  different  angle 
combinations  it  is  the  relative  size  of  the  errors,  rather  than 
their  absolute  values,  that  can  be  assessed.  Thus,  a  value  of  1 .0 
(normal  stresses)  or  0.0  (shear  stresses)  indicates  the  error  in 
the  stress  component  that  would  occur,  due  to  the  finite 
processor  resolution,  if  transformation  were  not  necessary 
However,  angle  combinations  that  give  rise  to  errors  much 
greater  than  these  indicate  a  significant  amplification  of  the 
resolution  errors,  due  to  transformation,  leading  to  larger  errors 
in  the  derived  Reynolds  stresses.  For  the  case  described,  only 
the  Reynolds  stress  errors  Auu,  Aw  and  Auv  vary  with  a.  p 
(Aww  =  1  and  Auw  =  Avw  =  0  for  all  a.  P)  and  therefore  only 
these  are  presented  in  Figure  3.  It  should  be  noted  that  the 
contours  are  not  at  equal  intervals  and  the  values  are  different 
on  each  plot. 

For  the  normal  stresses  it  can  be  seen  that  the  radial 
component  ( w )  is  subjected  to  a  larger  error  compared  with  the 
axial  component  (uu).  For  example,  at  zero  average  angle  and 
an  included  angle  of  20°  the  error  in  w  is  16  6  (for  unity 
resolution)  compared  with  0.52  for  uu .  However,  halving  the 
included  angle  to  10°  will  increase  the  w  error  value  to  65.8. 
whereas  it  will  reduce  to  4.27  if  the  included  angle  can  be 
doubled.  These  errors  reflect  the  nature  of  a  fully  annular 
facility,  where  access  is  through  the  outer  casing,  so  that  large 
differences  in  alignment  occur  between  the  measured  velocity 
components  and  the  radial  direction.  Thus  the  error  in  radial 
normal  stress  is  mainly  a  function  of  the  included  angle 
between  the  probes,  with  closer  alignment  of  the  measured 
components  to  the  radial  direction  occurring  at  larger  included 
angles.  For  the  axial  normal  stress  (uu)  the  average  angle  of 
the  probe  heads,  as  well  as  the  included  angle,  can  influence  the 
error  magnitudes.  The  shear  stress  ( uv  )  can  have  errors  of  both 
positive  and  negative  magnitude  which  are  mainly  a  function  of 
the  average  probe  angle.  In  this  case,  the  error  for  a  wide  range 
of  included  angles  can  be  minimised  by  having  the  probe  heads 
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Figure  6  Effect  of  Increasing  Included  Angle  on  Radial 
Normal  Stress  Distribution  (x/L  =  1.4) 

symmetrically  located  about  the  traverse  direction,  resulting  in 
a  small  average  angle. 

Although  errors  can  be  predicted  for  a  large  number  of 
angle  combinations,  in  reality  the  choice  is  restricted  by  the 
geometry  of  the  optical  windows  and  test  facility.  However,  the 
above  analysis  is  useful  in  assessing  which  combination  of 
angles  (a,  P,  yg,  yb),  that  are  practical,  will  minimise  the  errors 
associated  with  all  6  Reynolds  stresses  or  those  stresses  which 
are  of  particular  significance  to  an  investigation. 

Experimental  Measurements 

Measurements  have  been  made  at  1 1  stations  within  the 
annular  S-$haped  duct,  with  local  variations  in  geometry 
resulting  in  several  probe  angle  combinations  (a,  P)  being  used 
(Table  1).  Within  practical  limitations  these  angles  were 
chosen  to  minimise  the  effects  of  transformation  on  the 
Reynolds  stresses,  but  errors  are  still  evident  in  the 
experimental  data. 

At  x/L  =  1.4  the  mean  velocity  profile  (Fig  4)  indicates 
the  presence  of  boundary  layers  which  have  been  subjected  to 
both  streamwise  pressure  gradient  and  curvature  effects  during 
their  development  within  the  S-shaped  duct.  A  central  core 
region  is  also  present  and  occupies  some  35%  of  the  passage 
height,  with  the  turbulence  in  this  region  being  of  relatively  low 
intensity  and  isotropic.  Here,  due  to  the  higher  transformation 
errors  in  the  radial  direction,  the  measured  radial  normal  stress 
(w)  is  over  twice  that  of  the  axial  (uu)  and  circumferential 
(ww)  values  (Fig.  5).  This  was  confirmed  by  increasing  the 
included  angle  (a-p)  from  40°  to  68°,  although  this  precluded 
measurements  being  obtained  close  to  the  inner  wall.  Figure  6 
shows  that  with  the  larger  included  angle,  lower  radial  normal 
stresses  are  obtained  across  a  large  portion  of  the  passage  due 
to  the  reduced  transformation  errors.  This  data  also  indicates 
how  in  regions  of  low  turbulence  the  errors  are  of  greatest 
significance,  since  they  are  of  similar  magnitude  to  the  actual 
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Figure  7  Shear  Stress  Distribution  (x/L  =  0.02) 

stress  levels.  However,  within  each  boundary  layer  although 
the  error  magnitude  may  increase,  due  to  changes  in  the 
processor  resolution,  the  higher  stress  levels  mean  these  errors 
are  of  relatively  less  significance.  Hence  the  importance  of 
processor  resolution,  and  its  amplification  through  the 
transformation  matrix,  needs  to  be  assessed  relative  to  the  How 
field  being  measured.  For  the  shear  stress  component  (uv) 
values  of  finite  magnitude  were  recorded  within  the  central  core 
region,  as  indicated  at  x/L  =  0.02  (Fig.  7),  despite  the  true 
values  being  zero.  Here  a  probe  configuration  with  a  relatively 
large  average  angle  was  used  and  the  errors  are  again  thought  to 
be  due  to  the  transformation  error. 

Estimate  of  Processor  Resolution 

In  the  central  passage  region  it  is  known  that  the 
turbulence  should  be  isotropic  with  normal  stress  components 
of  equal  magnitude  (uu  =  w  =  ww)  and  a  shear  stress  ( uv )  of 
zero.  With  this  information  the  actual  resolution  of  each  BSA 
processor  can  be  calculated.  For  all  the  measurements,  in  the 
central  region,  resolutions  of  approximately  0  14  m/s.  0.21  m/s 
and  0.28  m/s  were  typically  indicated  for  AUbsai.  AUbsa;  and 
AUbsa3  respectively.  The  original  error  plots  (Fig.  3)  were 
based  on  a  1  m/s  resolution  on  all  processors  and  therefore 
allowed  only  the  relative  errors  between  different  probe  angles 
to  be  assessed.  Using  the  resolutions  determined  from  the 
experimental  data,  the  actual  errors  expected  for  each  Reynolds 
stress  component  over  a  range  of  probe  angles  can  calculated 
The  components  corresponding  to  the  original  plot  are 
presented  here  (Fig.  8),  although  now  only  the  circumferential 
normal  stress  (ww)  is  invariant  with  probe  angle  (a,  P)  Note 
also  the  change  in  contour  magnitudes  due  to  the  actual 
resolutions  being  much  smaller  than  the  unity  values  originally 
assumed  Furthermore,  the  shape  of  the  contours  are  modified 
since  the  resolution  of  each  processor  is  different,  with  errors 
being  relatively  larger  for  Reynolds  stress  components  that  arc 
more  dependant  on  the  velocity  measured  by  the  3rd.  processor 
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Figure  8  Variation  of  Reynolds  Stress  Errors  with  Probe 
Angle  Combination 

(UtsAi)-  h  can  be  seen  that  the  minimum  shear  stress  enor  no 
longer  occurs  at  zero  average  angle  but  at  some  finite  value 
dependent  upon  the  included  angle. 

The  resolution  of  each  processor  is  a  function  of  the 
record  interval  (Rl).  this  being  the  period  over  which  a  Doppler 
burst  is  sampled  and  is  therefore  determined  by  the  number  of 
samples  and  the  sampling  frequency.  Due  to  various  signal 
analysis  techniques  used  by  the  processor,  the  accuracy  to 
which  a  particular  burst  can  be  resolved  is  a  function  of  the  Rl. 
as  given  by. 


Figure  9  Variation  of  Resolution  with  Record  Interval 


processor  resolution  =  — —  (8) 

16  Rl 

where  Ca  is  the  fringe  spacing  or  calibration  factor  (m/s/MHz) 
and  is  determined  by  the  light  wavelength  and  the  angle 
between  the  pair  of  beams  forming  the  control  volume. 
However,  equation  (8)  only  applies  to  regions  in  which  a  good 
signal-to-noise  ratio  (SNR)  can  be  achieved,  with  the  resolution 
becoming  worse  as  the  noise  content  of  the  signal  increases  (i.e 
lower  SNR).  The  relationship  between  record  interval  and 
resolution  for  various  noise  levels  is  indicated  in  Figure  9.  with 
the  calibration  factor  (CJ  used  approximately  corresponding  to 
that  in  the  present  investigation.  It  should  be  noted  that  the 
record  interval  selected  should  reflect  the  time  taken  for  the 
particles  lo  cross  the  control  volume  and  hence  the  duration  of 
the  bursts.  Dantec  (1991 )  recommend  a  value  of  two-thirds  the 
transit  time  of  the  fastest  particles.  For  the  data  presented  here, 
this  resulted  in  a  record  interval  of  1 .333  (is  which  for  3D 
coincident  data,  must  be  the  same  for  all  processors.  For  the 
green  component  (BSA|),  it  can  be  seen  (Fig.  9)  that  the 
calculated  resolution  corresponds  to  that  which  should  be 
obtained  at  a  good  SNR  and  seems  to  confirm  the  analysis 
techniques  used.  However,  the  poorer  resolution  of  the  other 
processors  appears  to  indicate  operation  at  a  lower  SNR  This 
may  be  associated  with  the  laser  characteristics  and  the 
different  amounts  of  light  power  present  in  each  of  the  control 
volumes.  As  described  by  Carrotte  etal.  (1993)  the  green 
volume  (BSA|)  contains  the  maximum  power  whereas  the 
component  with  the  least  power  is  violet  (BSA3).  containing 
only  10-20%  of  this  value.  It  is  also  interesting  to  note  that  the 
poorer  SNR  may  be  reflected  by  the  proportion  of  data  validated 
by  each  processor  dunng  acquisition,  this  being  100%.  7595  and 
50%  of  the  coincident  bursts  detected  by  BSA|  BSA3  and  BSA, 
respectively. 
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Optimum  Laser  Beam  Alignment 

Errors  will  occur  in  the  Reynolds  normal  stresses  due  to 
the  finite  resolution  to  which  velocities  can  be  measured,  but  if 
the  measured  data  have  to  be  transformed  then  such  errors  can 
be  significantly  amplified  and  affect  all  the  Reynolds  stresses. 
However,  it  should  be  noted  that  minimising  these  errors  is 
difficult  since  the  selected  measurement  directions,  in  addition 
to  determining  the  transformation  matrix,  can  also  affect  the 
processor  resolution.  For  example,  the  magnitude  of  the  terms 
(ajj)  in  the  transformation  matrix  can  be  minimised  by 
measuring,  if  it  were  possible,  along  each  orthogonal  axis. 
However,  the  higher  velocities  associated  with  the  measured 
streamwise  component  and  the  much  lower  values  of  the  other 
two  components  changes  the  velocity  signal  analysed  by  each 
processor.  The  resulting  alteration  to  processor  filter  settings 
and  other  parameters  thereby  affect  the  SNR  of  the  bursts  being 
analysed.  Furthermore,  the  selection  of  certain  measurement 
directions  can  also  increase  the  noise  content  of  the  analysed 
signals  due  to  reflection  from  nearby  surfaces  etc.  (Carrotte 
etal.,  1993)  Thus,  in  addition  to  determining  the 
transformation  matrix,  the  selected  measurement  directions 
affect  the  signal-to-noise  ratio  at  which  each  processor  operates 
and  the  associated  processor  resolution.  It  also  follows  that  not 
only  is  the  quality  of  the  data  affected  by  the  selected  beam 
alignment,  but  also  the  ability  to  obtain  any  data  in  regions  of 
high  noise  such  as  close  to  solid  surfaces.  Hence,  in  addition  to 
the  transformation  errors  consideration  should  be  given  to  the 
likely  SNR  of  the  measured  components.  This  is  of  particular 
significance  for  the  violet  component  since,  due  to  the  relatively 
low  power  in  the  control  volume,  it  has  nominally  the  poorest 
SNR 

CONCLUSIONS 

For  3D  measurements  restricted  optical  access  usually 
results  in  the  transformation  of  the  measured  velocities  in  order 
to  fully  define  the  flow  field  using  orthogonal  components. 
This  may  introduce  errors  into  the  derived  quantities  and  the 
following  conclusions  are  drawn:  - 

•  Alignment  of  laser  beams  on  the  test  facility  can  only  be 
specified  within  certain  limits.  Hence,  this  effects  the  accuracy 


of  the  terms  used  in  the  transformation  matrix  and  can  lead  to 
errors  in  the  derived  orthogonal  mean  velocities 

•  The  finite  resolution  associated  with  each  measured 
velocity  can  be  amplified,  during  the  transformation  process, 
and  thereby  significantly  affect  the  derived  Reynolds  stresses 
Such  errors  will  increase  the  normal  stress  values  recorded  but 
the  shear  stress  errors  may  be  of  either  positive  or  negative 
magnitude. 

•  The  magnitude  of  the  errors  is  a  function  of  the  included 
angle  between  the  measured  velocity  components  and  the 
average  angle  made  by  these  components  with  each  orthogonal 
axis. 

•  In  a  region  of  low  isotropic  turbulence  errors  due  10 
transformation  have  been  observed  experimentally  on  a  fully 
annular  facility.  In  such  a  geometry  access  is  restricted  and 
results  in  the  radial  normal  stress  errors  being  of  largest 
magnitude. 

•  Any  experimental  investigation  of  turbulent  flow  should 
be  aware  of  the  Reynolds  stress  errors  that  can  occur  and  their 
significance  should  be  assessed  with  respect  to  the  level  of 
turbulence  present. 

The  effects  of  laser  beam  alignment  on  the  quality  of 
data  obtained  is  the  subject  of  a  continuing  investigation  at 
Loughborough. 
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ABSTRACT 

The  paper  presents  a  general  mathematical  procedure  for  the 
calculation  of  the  measuring  location  of  three  pairs  of  laser 
beams,  their  diplacement  and  corresponding  velocity  component 
inclination  due  to  refraction  of  the  laser  beams  at  curved  in¬ 
terfaces.  The  beam  equations  are  solved „  without  any  small-angle 
approximations,  for  an  arrangement  corresponding  to  a  three 
component  laser  Doppler  anemometer.  Refractive  index  vari¬ 
ations  of  the  media,  due  to  temperature  or  pressure  variations, 
are  taken  into  account. 

The  proposed  formulation  has  been  validated  by  comparison 
with  experimental  results.  The  correction  procedure  has  been 
applied  to  a  typical  configuration  for  measurements  in  a  turbo¬ 
machinery  passage  and  representative  beam  displacement 
calculations  arc  presented.  Possibilies  offered  by  the  method  in 
designing  experiments  as  well  as  correcting  obtained  results  are 
disc  used. 


1.  INTRODUCTION 

In  laser-Doppler  anemometry,  when  beams  pass  through 
transparent  curved  windows,  it  is  necessary  to  make  corrections 
for  the  refraction  of  the  laser  beams  at  the  interface  boundaries. 
Simplified  or  simple  case  calculations  have  been  reported  in  the 
literature,  e.g.  Bicen  and  Whitelaw  (1981),  Boadway  and 
Carahan  (1979),  Parry  et  al  (1990)  and  the  required  correction 
has  become  a  standard  procedure  for  measurements  performed 
with  a  single-component  laser-Doppler  anemometer. 

In  recent  yean  the  application  of  two  and  three-component 
laser-Doppler  anemometers  has  become  increasingly  popular, 
especially  with  the  advent  of  laser  diodes  and  fibre-optic  links 
which  allow  the  production  of  small-size  optical  probes.  Such 
three-component  laser-Doppler  anemometers  find  particular 
application  in  turbomachinery  flows,  where  optical  access  and 
size  of  available  window  is  normally  limited,  the  measuring  con¬ 
trol  volume  has  to  be  of  small  size  and  the  resulting  angle 
between  the  beam  pairs  forming  the  3-D  arrangement  has  to  be 
generally  small. 

Additionally,  in  turbomachine  applications  alternative 
methods  such  as  refractive  index  matching  techniques,  Durst  et 
al  (1993),  or  use  of  correction  lenses,  Durrett  et  al  (1983), 
cannot  be  generally  applied,  due  to  the  nature  of  the  flows  under 
investigation.  It  is,  therefore,  necessary  to  calculate  the  displace¬ 
ment  of  the  beams  due  to  refraction.  Especially,  with  three- 


component  laser-Doppler  anemometers  it  is  important  to  guar¬ 
antee  a  priori  coincidence  in  space  of  the  three  measuring 
volumes  and  to  estimate  the  required  velocity  correction. 

The  passage  of  the  three  beam-pairs  through  a  curved 
interface  can  affect: 

a)  the  position  of  the  intersection  of  each  beam-pair 
(i.e  of  the  measuring  volume), 

b)  the  relative  position  in  space  of  the  three  measuring 
volumes,  which  in  the  general  case  may  not  cross  any  more  after 
sucessive  refractions, 

c)  the  shape  of  each  of  the  measuring  volumes  and, 
consequently,  the  fringe  spacing  (the  calibration  factor  between 
fringe  crossing  frequency  and  seed  particle  velocity  may 
change), 

d)  the  orientation  of  the  measured  velocity  component. 

The  radius  of  curvature  and  the  thickness  of  the  walls  of  the 

flow  enclosure,  the  intersection  angles  of  the  laser  beam-pairs, 
the  angle  of  incidence  of  each  beam  on  the  interface  surface 
influence  the  above  four  factors,  together  with  the  refractive 
indices  of  the  inner/outer  fluid(s)  and  of  the  wall.  The  resulting 
beam  displacements  can  become  significant  in  turbomachinery 
configurations,  as  for  example  reported  by  Strazisar  (1986), 
where  the  three  velocity  components  are  generally  resolved  in 
non-orthogonal  coordinate  systems. 

The  analytical  solution  of  the  beam  transmittance  equations 
for  the  general  case  is  difficult  without,  for  example,  small-angle 
approximations,  employed  by  Bicen  and  Whitelaw  (1981).  Gar- 
davsky  et  al  (1989)  reported  corrections  in  three  dimensions 
resulting  ->y  solving  the  general  system  of  equations  for  a  pipe 
configuration  inserted  in  a  rectangular  box,  an  approach  which 
is  commonly  applied  together  with  refractive  index  matching  of 
the  fluid  and  enclosure  walls. 

It  is  the  purpose  of  this  work  to  present  a  mathematical 
procedure  solving  the  general  beam  transmittance  equations  to 
allow  calculation  of  the  displacement  in  space  due  to  refraction 
during  simultaneous  three-component  LDA  velocity  measure¬ 
ments.  The  displacements  result  from  the  three  pairs  of  laser 
beams  meeting  a  curved  window  at  different  angles  in  three 
dimensions.  The  procedure  examines  coincidence  in  space  of  the 
three  measuring  control  volumes  and  can  provide  estimates  of 
the  required  corrections. 

In  order  to  validate  the  developed  procedure,  the  calculated 
displacements  have  been  experimentally  verified  in  a  simple 
configuration. 
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2.  DESCRIPTION  OF  THE  MATHEMATICAL 
PROCEDURE 

The  propotcd  correction  procedure  he*  been  developed  for 
a  typical  configuration  of  a  three-component  laser-Doppler 
anemometer  comprising  of  two  probes,  as  shown  in  Figure  1. 
The  two-component  (2-D)  probe  transmits  two  orthogonal  pair 
of  beams  and  the  one-component  probe  (1-D)  transmits  the  third 
pair  of  and  it  is  positioned  at  a  certain  angle  with  respect 
to  the  2-D  probe.  The  optical  parameters  of  the  two  probes  and 
the  system  of  coordinates  used  in  the  calculations  are  shown  in 
Figure  1. 
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Figure  1;  Layout  of  the  probe  configuration  and  the  coordinate 
system  used  for  the  calculations 

For  the  derivation  of  the  general  equations  of  the 
transmittance  of  the  laser  beams,  the  optical  parameters  of  each 
probe,  the  geometry  of  the  two-probe  assembly  and  its  position 
are  known  (Figure  1),  namely: 

-  The  focal  lengths  f,  and  f,  of  the  focusing  lens  of  the  2-D  and 
of  the  1-D  probe  and  the  respective  half  angles  0,  and  0,, 

•  the  angle  a  between  the  two  probes, 

-  the  point  (X,,Y,,Zt)  corresponding  to  the  point  of  intersection 
of  the  horizontal  and  vertical  lines  connecting  the  four  beams  of 
the  2-D  probe  on  the  focusing  lens  and 

-the  angles  4>  and  k  the  2-D  probe  forms  with  the  horizontal  and 
the  vertical  planes  respectively. 

The  geometrical  data  and  properties  of  the  interface  window 
are  also  known: 

-its  radius  of  curvature  R«, 

-the  thickness,  t,  and 

-the  refractive  indices  n„,  no,  n.,  of  the  external,  the  internal 
fluid  and  of  the  wall  material  respectively. 

The  calculation  of  the  refractive  indices  of  the  internal  and 
external  fluids,  considered  here  to  be  air,  takes  into  account  the 
different  conditions  of  the  air  inside  and  outside  the  window 
(namely  the  pressure,  the  temperature  and  the  humidity  ratio). 

The  refractive  index  of  the  air  is  related  to  its  density 
according  to  (Allonso-Finn,  1967): 


The  density,  p,  is  calculated  as  a  function  of  the  pressure,  p, 
the  temperature,  t,  and  the  humidity  ratio,  H,  providing  values 
of  tin  and  tig. 

The  proposed  method  involves  two  basic  procedures: 

a)  The  path  of  a  single  refracted  beam,  issuing  from  one  incident 
laser  beam  with  arbitrary  orientation  with  respect  to  the  interface 
wall,  is  determined. 

b)  Using  the  available  geometrical  parameters  for  the  2-D  and  1- 
D  probes,  the  refracted  beams  issuing  from  each  individual 
incident  beam  are  determined.  From  the  corresponding  equations 
the  intersection  points  of  the  refracted  beams  are  determined  as 
well  as  the  direction  of  their  bisectors. 

Each  procedure  is  described  below. 

The  following  steps  have  been  adopted  for  the  calculation  of 
the  beam  displacement  due  to  refraction: 

Step  1.1:  Definition  of  the  beam  equations:  The^quation 
describing  an  incident  beam  is  defined  by  the  vector  r^anb^Ci) 
parallel  to  the  beam  and  the  point  of  origin  A(x,.y„z,),  Figure 
2.  The  equation  of  a  line  in  3-D  space  has  the  form: 

(x-x,)/a,  =  (y-y,)/b,  =  (z-z,)/c, 


The  calculation  of  XLy,^,^,^,,^  for  one  beam  is  done  from 
the  data  of  the  corresponding  probe  and  its  position. 


Figure  2:  Path  of  a  single  refracted  beam-Displacemcnt between 
initial  and  final  point  of  intersection 


Step  1.2:  Calculation  of  the  point  of  intersection  on  the 
outer  interface  surface:  The  point  of  intersection,  B(x,,y„z^,  of 
each  beam  with  the  outer  wall  of  the  window  is  calculated  by 
solving  the  system  of  equations  of  the  initial  beam  and  of  the 
curved  surface,  S(x,y,z)  =  0.  The  equation  of  the  curved  (cy¬ 
lindrical)  surface  has  the  following  form  in  the  chosen  system  of 
coordinates: 

x5  +  y5  +  c*  =  Ro5 

The  resulting  3X3  system  of  equations  is  solved  analytical¬ 
ly,  taking  into  account  all  possible  cases  for  the  parameters  of 
the  equations.  This  system  of  equations  may  have  two  solutions, 
corresponding  to  the  two  points  of  intersection  of  a  cylinder  and 


n,  =  1.0  +  0.00024  p 


•  line.  The  point  B(x,,yi,Zj)  which  corresponds  to  the  geometry 
of  our  problem  is  chosen  as  the  correct  solution. 

Step  1J:  Calculation  of  the  vector  parallel  to  each  beam: 
The  unit  vector^aj.bj.cJ  parallel  to  each  beam  after  the  first 
refraction  on  the  outer  wall  of  the  window  is  then  calculated. 
This  is  done  by  solving  again  a  system  of  equations,  which  arc 
derived  as  follows: 

-  Refraction  is  considered  to  take  place  on  the  plane  created 
by  each  original  beam  and  the  corresponding  radius  of  curvature 
of  the  surface  at  the  point  of  intersection  B(x„y2,z,).  Thus,  the 
inner  product  of  the  vector*r5aI,b„cI)  and  the  vector  (L,M,N) 
perpendicular  to  this  plane  must  equal  zero: 

LaJ  +  Mbs  +  Ncs  =  0 

The  vector  (L,M,N)  is  calculated  from  the  equation  of  the 
plane,  which  is  known,  since  it  is  defined  by  the  incident  beam 
and  the  radius  of  curvature  of  the  outer  surface  at  the  point  of 
intersection  with  the  beam.  In  this  approach  the  definition  of  the 
plane  is  done  by  one  point  and  two  vectors  parallel  to  the  plane, 
namely  the  point  (O.O.z,)  and  the  vectors  (Xj.yj.O)  and  (x„y,,z,- 
*s)- 

-  Snell’s  law.  Durst  et  al  (1976), relates  the  values  of  the 
angles  a,  and  at,,  between  each  beam  and  the  radius  at  the  point 
of  intersection  before  and  after  refraction,  respectively. 


n„  cos(a,)  =  n»  cos(oj) 


This  equation  provides  values  for  the  unknown  a,,  since  a, 
can  be  calculated  from  the  inner  product  between  the  initial 
beam  and  the  radius  of  the  curved  surface  at  the  point  of  inter¬ 
section: 


cosUj) 


(xji  y2 , 0)  *  (Aj  t  hj ,  Cj) 
KXj.yj.O)  IKaj.hj.Cj)  | 


while 
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(x,,ya,0)  •Ui.b2,cJ) 
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system  of  equations. 

At  this  point  it  should  be  mentioned  that  the  beam  axes,  after 
passing  through  the  window,  may  not  intersect  any  more.  This 
is  examined  in  the  procedure,  and  if  it  happens,  instead  of 
defining  the  intersection  point  (which  does  not  exist),  the 
magnitude  of  the  vertical  distance  between  the  two  axes  is 
determined. 

Step  2 .2:  Calculation  of  velocity  component  inclination.  The 
vector  of  the  final  bisector  of  each  pair  of  beams  is  finally  calcu¬ 
lated,  again  by  solving  a  system  of  equations.  The  bisector  lies 
on  the  plane  of  the  two  beams  and,  as  a  result,  the  inner  product 
of  the  vector  (a^.b^cj  of  the  bisector  and  of  the  vector  per¬ 
pendicular  to  the  plane  of  the  beams  must  be  equal  to  zero. 

Calculations  presented  here  have  been  performed  in 
Cartesian  coordinates,  but  the  coordinate  system  can  be  trans¬ 
formed  to  a  turbomachinery  system  of  coordinates  employing 
axial,  radial  and  peripheral  coordinates.  The  Cartesian  system  of 
coordinates  has  been  chosen  because  it  offers  the  lower  complex¬ 
ity  of  the  resulting  equations  in  comparison  to  the  corresponding 
equations  in  cylindrical  coordinates. 


3.  VALIDATION  OF  THE  PROPOSED  CODE 

The  developed  code  has  been  compared  with  calculated 
beam  diplacements  provided  by  Bicen  and  Whitclaw  (1981)  and 
with  our  own  experimental  results  obtained  in  a  simple  arrange¬ 
ment.  For  the  theoretical  verification  the  refraction  correction 
equations  provided  by  Bicen  an.4  Whitclaw  (1981)  have  been 
considered.  The  beam  displacement  for  axial,  tangential  and 
radial  velocity  measurements  in  a  straight  pipe  configuration  has 
been  calculated  and  compared  to  the  results  of  the  current  study. 
All  calculations  agreed  very  well  but,  for  reasons  of  space,  only 
the  comparison  between  initial  radius  and  final  position  of  the 
point  of  intersection  (radius  and  angle  of  displacement  in 
cylindrical  coordinates)  for  the  case  of  radial  velocity  measure¬ 
ments  are  shown  here  in  Figures  3  and  4  respectively.  The 
optical  parameters  and  wall  thickness  used  for  the  calculations 
are  shown  in  the  respective  figures. 


-  The  final  equation  employed  is  the  trigonometric  equation: 
a,1+b2I+c,J  =  1 

Solution  of  this  system  of  equations  provides  the  vector 
ti(*i<b»Ci)-  Again  two  solutions  can  be  calculated  and  the  one 
that  is  compatible  with  the  given  geometry  is  chosen. 

Step  1.4:  Calculation  of  the  point  of  intersection  at  the  inner 
surface.  Steps  2  and  3  are  similarly  repeated  for  the  inner 
surface  of  the  curved  wall, and  the  intersection  point,  as  well  as 
the  direction  of  the  refracted  beams  are  derived. 

The  second  procedure  consists  of  the  evaluation  of  the 
measuring  volume  position  and  orientation,  for  each  pair  of 
beams,  after  they  have  crossed  the  wall.  This  procedure  is 
applied  to  each  pair  of  beams  of  the  two-probe  arrangement  and 
consists  of  two  steps: 

Step  2.1:Detcrmination  of  the  new  point  of  intersection  of 
etch  beam  pair.  By  applying  Procedure  1  to  each  one  of  the 
beams  of  one  pair,  the  equation  for  each  beam  after  passing 
through  the  window  is  determined.  Having  these  equations,  the 
intersection  point  is  determined  by  solving  the  appropriate 


Figure  3:  Calculated  radius  for  radial  velocity 
component  measurements  in  a  staight  pipe  -  Com¬ 
parison  with  results  by  Bicen  &  Whitclaw  (1981). 
(f, = 200mm  ,t = 2mm  ,Y, = 200mm,  Z, = 0,<f>=0,ic=0) 
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INITIAL  RADIUS  OF  INTERSECTION(mm) 


Figure  4:  Calculated  angle  (cylindrical  coordinate*)  for  radial 


velocity  component  meaiurement*  in  a  straight  pipe-ComperUon 
with  results  by  Bicen  Sc  White  law  (1981). 


For  the  experiments,  the  two  component  (2-D)  probe  has 
been  aligned  as  shown  in  Figure  S.  A  thin  glass  plate,  fixed  on 
the  traversing  mechanism,  has  been  used  as  a  scattering  medium 
to  produce  an  artificial  Doppler  burst.  The  beams  have  been 
initially  focussed  on  the  glass  plate  without  the  presence  of  the 
window.  Subsequently,  the  window  lias  been  placed  between  the 
thin  glass  plate  and  the  2-D  probe.  The  window  could  be  rotated 
and  translated  in  the  vertical  direction  relative  to  the  2-D  probe, 
with  the  use  of  a  second  traversing  mechanism.  After  positioning 
of  the  window,  the  probe  has  been  focussed  again  on  the  glass 
plate  and  the  displacement  has  been  recorded.  This  displacement 
corresponds  to  the  displacement  of  the  laser  beams  due  to  ref¬ 
raction  as  they  cross  the  window. 
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Figure  5:  Layout  of  the  experimental  arrangement  for  the 
verification  of  the  calculated  displacement 


In  order  to  locate  the  centre  of  the  measuring  control 
volume,  the  backscattered  signal  has  been  recorded,  time- 
averaged  and  stored  on  a  digital  oscilloscope.  The  point  of  focus 
has  been  defined  as  the  point  where  the  maximum  amplitude  has 
been  measured  on  the  oscilloscope. 
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Figure  6:  Comparison  between  calculated  and  measured  dis¬ 
placement^^  120mm,t=Smm,R«— 324mm) 

The  angle  of  incidence  of  the  laser  beams  to  the  curved  window 
has  been  varied  by  rotating  the  window.  Displacements  have  been 
recorded  for  various  angles  of  incidence  and  are  shown  in  Figure 
6  in  comparison  to  the  calculated  results  with  very  good  agree¬ 
ment. 

4.  APPLICATION  OF  THE  DEVELOPED  PROCEDURE 
IN  A  TURBOMACHINERY  ANNULUS 

The  developed  method  has  been  applied  to  a  configuration 
representative  of  an  actual  turbomachinery  geometry  (Figure  7). 
Calculations  have  been  performed  for  an  annular  passage  with 
324  mm  outer  radius  of  curvature  .  Calculations  are  presented 
in  Cartesian  coordinates  as  a  percentage  of  annulus  height  from 
the  casing  and  towards  the  centreline  where  the  hub  is  placed. 
The  focal  lengths  of  the  1-D  and  2-D  probes  have  been  conside¬ 
red  equal  to  120  mm  each  and  the  angle  between  the  two  probes 
is  30  deg.  The  axial  and  circumferential  velocity  components  are 
measured  by  the  2-D  probe  (U -beams  and  V -beams,  respect¬ 
ively)  and  the  third,  non-orthogonal,  velocity  component  is 
measured  by  the  1-D  probe  (W-beams)  at  the  original  positioning 
of  the  probe  carriagc(position  0:^=0,  k—0) 


Figure  7:  Layout  of  the  configuration  used  for  the  calculations 
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Figures  8  and  9  present  the  effects  of  varying  air  temperature 
and  pressure  inside  the  configuration.  The  beams  are  considered 
to  intersect  at  a  fixed  position  inside  the  configuration(with  the 


absence  of  the  window)  and  the  total  displacement  is  calculated. 
In  both  cases  the  effects  on  the  calculated  displacements  are  very 
small. 


TEMPERATURE  OF  AIR  INSIDE  WINDOW(C) 

Figure  8:  Effect  of  air  temperature  variations  on  the  calculated 
beam  displacement. 

(Xf=40mm,Y,=400mm,Z>=0,^=15dcg.,»c=0,t=2mm) 


Figure  9:  Effect  of  air  -  pressure  variations  on  the  calculated 
beam  displacement 

(X, =40mm,  Y,  ** 400mm , Z, =0,^ = 15dcg.,ic =0,t= 2mm) 

Figure  10  presents  the  calculated  displacement  in  space 
between  every  two  beam-pairs,  together  with  the  displacement 
Cram  the  initial  point  of  intersection  for  each  beam-pair,  as  a 
function  of  the  distance  of  the  measuring  volume  from  the  hub 
of  the  annulus  for  the  case  where  the  bisector  of  the  probes  lies 
on  Y-axis  and  the  angle  4  equals  to  -15  deg.  Additional  informa¬ 
tion  is  presented  in  Figure  11  showing  the  displacement  for  each 
of  the  three  pairs  of  beams  from  their  initial  point  of  intersec¬ 
tion,  in  Cartesian  coordinates. 

Similarly,  Figures  12  and  13  present  the  same  information 
for  the  case  where  the  axis  of  symmetry  of  the  2-D  probe  lies  on 
the  Y-axis  and  4  m  0  deg.  In  both  cases,  beam  non-coincidence 
in  space  becomes  more  significant  as  the  two  probes  are  tra¬ 
versed  from  the  casing  towards  the  hub,  although  relative 
diplacements  for  each  beam-pair  from  the  initial  point  of 
intersection  are  more  important  towards  the  casing. 


Figure  10:  Calculated  displacement  in  space  between  the  three 
beam-pair  points  of  intersection-  Bisector  of  probes  lies  on  Y- 
axis.(X,=-31.058mm,Z,=0,4>=-15deg.,»c=0,t=2nrun) 


Figure  11:  Calculated  displacement  of  each  beam-pair  from  its 
initial  point  of  intersection  -Bisector  of  probes  lies  on  Y-axis. 
(X,=-31. 058mm,  Z,=0,$=-15deg.,#c=0,t=2mm) 


-  Axis  of  symmetry  of  2-D  probe  lies  on  Y-axis. 
(X,=O,Z>=O,0=O,x=O,t=2mm) 
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Figure  13:  Calculated  displacement  in  Cartesian  coordinates  - 
Axis  of  symmetry  of  2-D  probe  lies  on  Y-axis. 
(XJ»=0,Zy«=0,^=0,»c=0,t=2mm) 

In  Figures  14  and  IS  the  effect  of  increasing  the  curvature  of  the 
window  on  the  calculated  displacement  is  presented.  In  this  case, 
the  focal  lengths  of  the  two  probes  are  equal  to  200  mm.  The 
Figures  demonstrate  that  significant  displacement  occurs  for  the 
beams  measuring  the  W  -  velocity  component  (1-D  probe).  As 
anticipated,  higher  values  of  displacement  are  calculated  for  the 
small  radii  of  curvature. 

Figure  16  shows  the  calculated  angle  between  the  initial  and 
final  bisector  of  the  beam-pain  for  the  case  of  $=15  deg,  which 
proves  to  be  insignificant  for  the  examined  case,  whereas  Figure 
17  shows  the  corresponding  displacement. 

Finally  Figures  18  and  19  show  the  effect  of  the  thickness 
of  the  window  on  the  calculated  angle  between  the  initial  and 
final  bisector,  as  well  as  the  corresponding  displacement  of  the 
beams.  Calculations  of  this  kind  are  very  useful  during  the  design 
of  an  experiment.  For  example  using  figures  18  and  19  allows 
determination  of  the  maximum  acceptable  window  thickness  for 
keeping  displacements  in  predefined  limits. 

In  all  the  above  figures  d  is  the  distance  between  points  of 
intersection  and  IP  is  the  initial  point  of  intersection. 

A  general  remark  that  can  be  extracted  from  the  current 
study  is  that,  even  when  two  beams  cross  between  them,  the 
three  sets  of  beams  do  not  coincide  in  the  same  point  in  space, 
and  the  displacement  is  quite  significant  (it  can  reach  a  value  of 
1mm  for  the  presented  cases).  When  the  two  beams  of  a  pair  are 
found  not  coincidental  in  space,  this  does  not  necessarily  mean 
that  they  do  not  coincide  in  reality,  because  the  beams  are  not 
mathematical  lines  but  have  a  Gaussian  shape.  Thus  the  vertical 
distance  between  the  beams  should  be  compared,  for  instance, 
with  the  beam's  diameter. In  the  current  calculations,  for  a  cer¬ 
tain  configuration  a  distance  of  20  pm  was  found  for  the  W- 
bcams,  that  have  a  beam  diameter  of  44pm.  This  means  that  the 
beams  are  partly  coincident,  but  the  shape  of  the  probe’s  volume 
is  deformed. 


CONLUSIONS 

-A  mathematical  procedure  for  solving  the  general  beam 
transmittance  equations,  in  order  to  calculate  beam  displacement 
due  to  refraction,  has  been  presented  for  a  three  component  laser 
Doppler  anemometer. 

-The  procedure  has  been  validated  with  experimental  data 


and  other  similar  calculations. 

-The  procedure  has  been  applied  to  a  layout  for  measure¬ 
ments  in  an  annular  passage,  where  coincidence  in  space  of  the 
displaced  beams  has  been  examined. 

-The  code  can  serve  as  a  tool  in  order  to  determine  a  priori 
coincidence  in  space  of  the  three  measuring  volumes  with  three 
component  laser  Doppler  anemometers.  It  can  also  serve  for 
minimizing  the  refraction  effects  by  optimizing  the  optical  (e.g. 
focal  length)  and  flow  (e.g.  thickness  of  wall)  geometrical 
characteristics. Furthermore,  by  calculating  the  new  velocity 
component  inclination  due  to  refraction  effects  ,  it  is  quite  easy 
to  correct  the  velocity  components  measured.  In  the  cases 
presented  this  correction  was  not  deemed  necessary,  because  of 
the  small  angles  calculated  between  the  initial  and  final 
bisectors,  but  in  several  cases  that  were  also  examined  for  the 
verification  of  the  applicability  of  the  code  in  all  possible 
geometries(e.g.  very  small  radius  of  curvature),  the  angles 
calculated  are  quite  significant(even  more  than  3-4  deg.)  and, 
therefore,  the  corrections  arc  necessary. 

-Finally  it  should  be  quoted  that  the  presented  code  can 
serve  as  a  general  tool  for  the  calculation  of  refraction  effects, 
since  it  can  be  applied  to  every  possible  geometry  of  window,  if 
the  equation  of  the  surface  of  the  window  is  known. 


Figure  14:  Effect  of  the  radius  of  curvature  on  the  calculated 
beam  displacement  (t~2mm,4> = 1  Odeg. ,« =0, distance  between  2- 
D  probe  and  window  is  constant) 


Figure  15:  Effect  of  the  radius  of  curvature  on  the  calculated 
beam  displacement  (t = 2mm  = 1  Odeg.  ,k = 0, distance  between  2- 
D  probe  and  surface  of  window  is  constant) 
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Figure  16:  Calculated  angle  between  initial  and  final  bisector  of 
the  beams  (X,=50mm,Z>=0,d>=15deg.,K=0,t=2mm) 


Figure  19:  Effect  of  window  thickness  to  the  calculated  displace¬ 
ment .  (X,  =  50mm  ,Y,  =  400mm  =  15deg.  ,a  =  0) 


Figure  17:  Calculated  displacement  between  points  of  intersec¬ 
tion 

(X,*50mm^=0^=15deg.,i(*=0>t=2mm) 


u  BEAMS 


Figure  18:  Effect  of  window  thickness  to  the  calculated  angle 
between  the  initial  and  final  bisector  of  the  beams 
(XF»'50mm,Y,”400mm,$  *  15  deg.  ,<c*0) 
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ABSTRACT 

The  phase-DoppIer  particle  sizing  method  is  well 
established  for  the  characterization  of  two  phase  flows. 
Originally  the  principle  was  developed  based  on  the 
assumption  of  a  uniform  intensity  profile  of  the  laser  beams 
forming  the  probe  volume.  However,  recent  studies  pointed 
out  the  necessity  to  take  into  account  the  effects  of 
nonuniform  droplet  illumination  due  to  the  Gaussian  intensity 
profile  of  the  laser  beams.  As  a  result,  recent  papers  [Naqwi 
et  al.  (1990),  Haugen  et  al.  (1993)]  have  considered  a  range 
of  different  design  parameters  for  the  optical  layout  of  a 
phase  Doppler  instrument. 

In  this  study,  layout  criteria  considering  both  uniform 
and  nonuniform  droplet  illumination  were  applied  to  the 
standard  AEROMETRICS  counter-based  equipment.  Based 
on  this  analysis,  experimental  investigations  with 
monodisperse  droplets  of  known  size  will  show,  how  reliable 
these  basic  methods  are  and  which  errors  actually  have  to  be 
expected  from  nonuniform  droplet  illumination. 

NOMENCLATURE 


d 

m 

droplet  diameter 

dnin 

m 

minimum  droplet  diameter  with  detectable 
scattered  light  from  non-dominant  modes 

dmajt 

m 

droplet  diam.  with  same  intensity  in  scattered 
light  of  dominant  and  non-dominant  modes 

d* 

m 

droplet  diam.  with  minimum  in  signal  visibility 

dni 

m 

largest  diameter  of  measured  distribution 

d. 

m 

diameter  of  probe  volume 

g 

- 

intensity  ratio  between  scattering  modes 

n 

* 

real  part  of  refractive  index 

Nr 

- 

number  of  lens/track  combination 

P 

- 

scattering  mode 

R 

- 

intensity  range  of  detectors 

VJ 

m/s 

offset  velocity 

Ay 

m 

distance  between  incident  rays  of  different 
scattering  modes 

A«t> 

o 

angular  extend  of  detectors 

<t> 

o 

off-axis  angle 

yu.j 

0 

elevation  angle  of  detectors  1 .2  and  3 

1.  INTRODUCTION 

Phase  Doppler  particle  sizers  make  use  of  the  light 
pattern  generated  by  a  droplet  illuminated  by  two  crossed,  fo¬ 
cused  laser  beams.  For  this,  a  receiving  unit  with  two  or  more 
detectors  is  used  to  determine  the  spacing  of  the  scattered 
fringe  pattern  at  a  distinct  position  in  the  farfield  of  the  drop¬ 
lets.  With  the  known  correlation  between  the  fringe  spacing 
and  the  droplet  diameter,  reliable  particle  sizing  is  possible. 

From  Naqwi  et  al.  (1990)  it  is  known  that  the  perfor¬ 
mance  of  the  phase  Doppler  instrument  strongly  depends  on 
the  optical  layout.  In  the  first  part  of  the  following  analysis 
.  basic  layout  criteria  applicable  for  uniform  illumination  of  the 
droplets  will  be  applied  to  the  AEROMETRICS  counter  based 
standard  instrument.  Based  on  this  analysis,  in  the  second  part 
of  the  paper  extended  criteria  considering  nonuniform  illumi¬ 
nation  will  be  applied. 

Finally,  measurements  with  monodisperse  droplets 
will  illustrate  the  reliability  of  these  methods  and  indicate 
which  effects  and  errors  actually  can  be  expected  from  the 
Gaussian  beam  intensity  profile. 

2.  BASIC  PHASE  DOPPLER  LAYOUT 

In  the  following  the  basic  layout  criteria  of  a  phase 
Doppler  configuration  considering  uniform  droplet 
illumination  will  be  discussed,  specifically  with  respect  to  the 
AEROMETRICS  instrument.  This  analysis  is  performed  in 
order  to  understand  the  limitations  of  this  specific  instrument 
as  a  base  for  the  further  investigations  considering  non- 
uniform  illumination  of  droplets. 

2. 1 .  Off-axis  angle  between  transmitter  and  receiver 

The  off-axis  angle  between  transmitter  and  receiver 
optics  is  the  most  relevant  parameter  of  a  phase  Doppler  con¬ 
figuration.  It  must  be  selected  considering  the  optical  pro¬ 
perties  of  the  participating  fluids  and  the  optical  access  to  the 
flow  regime  under  investigation.  Fig.  I  illustrates  the  relative 
intensity  distribution  of  scattered  light  around  a  water  droplet 
(n=  1 .33)  in  air.  Following  van  de  Hulst  (1981)  it  is  calculated 
based  on  geometrical  optics.  From  this  approach,  it  is  possible 
to  distinguish  between  the  different  scattering  modes  p=0,  1,  2 
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and  higher  orders.  Since  the  mode  p=2  has  two  parts  in  the 
backscatter  region,  in  Fig.  1  it  is  divided  into  the  two  sub¬ 
modes  p=2a  and  p=2b. 
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Fig.  1  Gain  diagram  for  water  droplets  in  air  (n=  1 .33) 

The  light  scattered  from  the  two  laser  beams  interferes 
in  the  farfield  of  the  droplet  and  produces  a  fringe  pattern  on 
the  detector  plane.  This  scattered  light  consists  of  parts  from 
different  scattering  modes  produced  by  each  of  the  two  laser 
beams.  A  fixed,  linear  relation  between  the  detected  spacing 
of  the  fringe  pattern  and  the  droplet  diameter  only  exists  when 
the  interference  pattern  is  dominated  by  the  light  of  one  single 
scattering  mode  from  both  laser  beams.  Scattered  light  from 
other  modes  disturbs  this  linear  correlation.  Like  most  stan¬ 
dard  configurations,  the  receiver  of  the  AEROMETRICS  in¬ 


strument  detects  the  fringe  pattern  in  an  angular  range  of 
approx.  A<t»=  1 0° .  From  the  above  discussion,  the  following 
criteria  have  to  be  satisfied  over  this  angular  range: 

•  one  dominant  mode  or  submode 

•  high  ratio  of  intensity  to  non-dominant  modes 

Forward  scattering  setups  with  <t>=30°  or  <t>=74°  are 
therefore  favorite  configurations  for  sizing  water  sprays  The 
<t>=  1 50°  backscatter  configuration  has  a  great  advantage  when 
applied  to  complex,  real  machines,  since  limited  optical 
access  often  precludes  forward  scattering  configurations. 
[Kneer  et  al.  (1993)].  Fig.  1  indicates  that  in  backscatter  the 
ratio  of  intensity  from  the  dominant  mode  to  the  following 
modes  is  much  lower  than  in  forward  scattering 
configurations.  Therefore  the  light  from  non-dominant  modes 
will  disturb  the  fringe  pattern  of  the  dominant  mode  p=2b. 
However,  all  three  configurations  are  considered  in  the 
following. 

2.2.  Polarization  of  the  laser  beams 

The  polarization  of  the  laser  beams  strongly  influences 
the  scattering  behavior  of  the  droplets.  The  gain  curves  of 
Fig.  1  are  valid  only  for  light  polarized  parallel  to  the  plane  of 
the  laser  beams.  This  direction  of  polarization  is  used  in  the 
standard  AEROMETRICS  instrument,  since  it  offers  the  most 
flexible  configuration. 
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Coll.- 

Lens 

Foc- 

Lens 

Track 

Intersect. 
Angle  H 

Fringe  spacing 
(pm] 

max  .  vel. 
[m/s] 

max.  Offset 
[m/s] 

do  [pm] 
0=30°  (p=l) 

do  [pm] 
0=74°  (p=l) 

do  [pm] 
0=150°  (p=2b) 

n 

160 

200 

1 

1  49 

19.8 

200 

31 

720 

1059 

581 

n 

2 

3.01 

9.8 

200 

33 

346 

500 

290 

3 

3 

5.95 

4.95 

100 

35 

173 

257 

146 

4 

495 

1 

0.60 

49.1 

200 

77 

1800 

2571 

1385 

5 

2 

1.23 

23.9 

200 

80 

857 

1285 

720 

El 

3 

2.38 

12.37 

200 

88 

439 

643 

367 

7 

1016 

1 

0.30 

98.2 

200 

154 

3600 

4500 

3000 

a 

2 

0.60 

49.0 

200 

164 

1800 

2570 

1500 

9 

3 

1.19 

24.7 

200 

166 

900 

1286 

720 

10 

300 

200 

1 

2.81 

10.5 

200 

16 

375 

545 

310 

m 

2 

5.50 

5.4 

100 

18 

188 

277 

158 

m 

3 

11.17 

2.6 

50 

19 

93 

135 

78 

m 

495 

1 

1.12 

26.3 

200 

41 

900 

1385 

783 

n 

2 

2.20 

13.4 

200 

45 

473 

692 

391 

m 

3 

4.48 

6.6 

100 

47 

234 

333 

194 

16 

1016 

1 

0.56 

52.6 

200 

82 

2000 

2571 

1636 

Kl 

2 

MO 

26.8 

100 

89 

947 

1385 

783 

in 

3 

2.24 

13.1 

100 

94 

462 

692 

391 

Table  1  Basic  layout  parameters  of  the  AEROMETRICS  standard  instrument. 


2.3.  Beam  Intersection  angle 

The  intersection  angle  between  the  two  laser  beams 
forming  the  probe  volume  primarily  controls  the  range  for  ve¬ 
locity  measurements  since  it  fixes  the  fringe  spacing  in  the 
probe  volume. 


The  AEROMETRICS  transmitter  uses  a  rotating  gra¬ 
ting  as  beamsplitter  unit.  Here,  tracks  with  different  numbers 
of  grating  line  pairs  can  produce  three  different  angles 
between  the  laser  beams.  These  beams  are  made  parallel  by  a 
collimating  lens  and  then  are  focused  in  the  probe  volume  by 
the  focusing  lens.  With  the  standard  lenses  delivered  with  the 
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instrument  and  the  three  tracks  on  the  rotating  grating  18 
different  configurations  are  possible  as  listed  in  Table  1.  The 
rotating  grating  is  also  used  as  frequency  shift  unit.  The 
frequency  shift  between  the  two  laser  beams  produces  an 
offset  velocity  and  is  necessary  to  perform  direction  sensitive 
measurements.  In  Table  1  the  resulting  maximum  velocities 
and  maximum  offset  velocities  are  listed  for  the  different 
configurations.  Low  values  for  the  offset  velocities  often  limit 
the  applicability  of  the  instrument  to  complex,  highly- 
turbulent  two  phase  flows. 

2.4.  Elevation  angle  and  shape  of  detectors 

Standard  phase  Doppler  instruments  make  use  of  three 
detectors  to  analyze  the  scattered  fringe  pattern.  These 
detectors  are  positioned  at  different  elevation  angles  perpen¬ 
dicular  to  the  scattered  fringes  in  order  to  measure  their  spatial 
distance.  The  manufacturer  of  the  AEROMETR1CS  Phase 
Doppler  instrument  fixed  the  elevation  angles  to  approx. 
yi.3  =  ±  3.8°  for  the  outer  pair  of  detectors  and  \\n=  1.1°  for  a 
single  inner  one.  with  slight  differences  between  different  in¬ 
struments.  The  detailed  shape  of  the  detectors  is  described  in 
Sankar  (1991).  Together  with  the  selected  fringe  spacing,  the 
position  and  shape  of  the  detectors  limit  the  resolution  in 
diameter  measurement  of  the  instrument.  Following  Naqwi 
and  Durst  (1990),  the  local  phase  on  the  extension  of  one 
detector  should  not  exceed  360°  to  avoid  phase  jumps  in  the 
calibration  curve  due  to  bad  visibility  of  the  integrated  signals 
over  the  detector  plane.  Considering  the  dominant  scattering 
mode  of  each  off-axis  configuration,  (i.e.  p=l  at  0=30°  and 
0=70°  and  p=2b  at  0=150°)  the  maximum  diameters  d«  have 
been  determined  from  scattering  calculations  based  on 
geometrical  optics.  These  values  are  listed  in  Table  1  for  the 
different  off-axis  configurations. 

It  is  essential  that  the  largest  diameter  in  the  measured  size 
distribution  does  not  exceed  d*.  Nevertheless  the  range  should 
be  used  as  wide  as  possible  to  reach  a  high  resolution  in  drop¬ 
let  sizing.  The  software  of  the  AEROMETRICS  instrument 
enables  the  operator  to  size  up  to  approx.  2/3  of  d«. 


calculated  from  this  assumption  for  the  incident  light. 
Corresponding  to  Fig.  2b,  real  laser  beams  have  a  typically 
Gaussian  intensity  profile  and  therefore  especially  large 
droplets  are  illuminated  non-uniformly.  On  critical  trajectories 
through  the  probe  volume,  depending  on  the  ratio  between 
droplet  diameter  and  probe  volume  diameter,  the  ratio  of 
intensity  between  the  different  scattering  modes  may  differ 
from  that  calculated  from  the  ideal  assumption  of  uniform 
illuminated  droplets.  Therefore  the  interference  pattern  will 
also  differ  from  the  expected  ideal  one  and  errors  in  the 
determination  of  droplet  diameters  occur.  In  the  following, 
several  parameters  will  be  presented  that  characterize  the 
effects  of  non-uniform  droplet  illumination.  Since  most  of 
these  parameters  have  a  more  estimative  character, 
measurements  will  show  how  reliable  these  estimations  are 
and  how  these  effects  actually  influence  measurements. 

3.1.  Beam  diameter 

It  is  obvious  from  Fig.  2  that  the  ratio  between  droplet 
diameter  and  Gaussian  beam  diameter  of  the  probe  volume  is 
the  most  important  parameter  governing  effects  due  to 
nonuniform  illumination.  In  general,  this  ratio  should  be  as 
high  as  possible.  The  increase  of  dv  on  the  other  hand  is 
limited  especially  in  dense  sprays,  since  the  Phase  Doppler 
instrument  can  only  interpret  the  scattered  light  of  one  single 
particle.  The  maximum  diameter  of  the  probe  volume 
therefore  has  to  be  found  experimentally  for  each  application. 
However,  the  parameters  discussed  in  the  following 
characterize  the  sensitivity  of  a  chosen  configuration  to 
nonuniform  droplet  illumination.  For  the  AEROMETRICS 
instrument,  the  beam  diameter  at  the  probe  volume  is  mainly 
determined  by  the  diameter  of  the  laser  beam  entering  the 
transmitter  optic  and  the  selected  combination  of  lenses.  With 
a  typical  laser  beam  diameter  of  approx  0.8  mm  the  resulting 
waist  diameters  dv  are  listed  in  Table  3  for  the  different  lens 
combinations.  The  following  analysis  will  quantify  the 
expected  effects  due  to  non-uniform  droplet  illumination  for 
various  beam  diameters. 


3.  EXTENDED  PHASE  DOPPLER  LAYOUT 


3.2.  Intensity  ratios  of  dominant  and  non-dominant  modes 


The  analysis  performed  yet  is  based  on  the  ideal 
assumption  of  uniform  droplet  illumination.  The  limits 
obtained  from  this  analysis  are  valid  in  the  following,  but  are 
supplemented  by  some  more  restrictive  criteria  concerning 
droplet  sizing  in  a  probe  volume  produced  by  laser  beams  with 
a  nonuniform  intensity  profile. 

Fig  2a  shows  a  droplet  which  is  illuminated  with  an 
ideal  uniform  intensity  profile.  The  gain  curves  in  Fig.  I  are 


The  critical  maximum  diameters  dmax  in  Table  3  are 
based  on  the  assumption  that  the  dominant  scattering  mode  is 
only  disturbed  by  a  less  dominant  mode  when  the  intensity  of 
the  scattered  light  of  both  modes  is  in  the  same  order  of 
magnitude.  Depending  on  the  probe  volume  diameter  dv 
therefore  a  maximum  particle  diameter  dma«  can  be  calculated 
for  which  the  two  rays  of  Fig.  2b  leave  the  droplet  at  the  same 
level  of  intensity  when  the  droplets  pass  the  probe  volume  on 
a  critical  trajectory: 


d 


max  — 


ln(g) 
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Following  Fig.  2b  Ay/d  is  the  distance  Ay  of  tw7o 
incident  rays  of  different  scatter  modes  normalized  by  the 
droplet  diameter.  The  ratio  g  of  intensities  between  these  two 
rays  is  calculated  assuming  uniform  droplet  illumination.  It  is 
obvious  from  Fig.  1  that  especially  at  0=74°  the  value  for  the 
ratio  g  depends  on  the  angular  extension  of  the  detectors.  For 
the  AEROMETRICS  instrument  with  an  extension  of  about 
A«J>=10°,  the  values  for  g  and  Ay/d  are  listed  in  Table  2  for  the 
dominant  modes  of  the  three  off-axis  configurations. 


d*=30” 

(I/O) 

«*>=740 

(1/0) 

d>=l50° 

(2b/0) 

<P=I50° 

(2b/2a) 

K 

52 

217 

7 

3 

Ay/d 

0.85 

0.9 

0.65 

0.25 

dmax/dv 

083 

0.91 

0.76 

1.48 

dmin/dsat 

0.21 

0.42 

0.08 

0.05 

Table  2:  Ratio  of  intensity  and  normalized  distance  of 
incidence  and  resulting  critical  droplet  diameters. 

It  can  be  seen,  that  the  74°-configuration  has  a  slight 
advantage  compared  to  the  30°-configuration.  In  backscatter 
configuration,  all  three  dominant  modes  have  to  be 
considered,  since  here  not  the  mode  p=2a,  but  the  mode  p=0 
limits  the  upper  diameter  of  this  configuration. 

3.3.  Dynamic  range  of  detectors 

Photomultipliers  used  as  detectors  have  typically  a 
dynamic  range  in  intensity  of  R=1200.  The  upper  limit  of  this 
range  is  fixed  by  scattered  light  from  the  dominant  mode  of 
the  largest  particles  (dni)  of  a  measured  distribution.  Errors 
due  to  nonuniform  illumination  certainly  occur,  when  droplets 
larger  than  dmax  pass  the  probe  volume  on  critical  trajectories, 
and  when  the  intensity  of  scattered  light  from  these 
trajectories  is  high  enough  to  be  detected.  With  the 


assumption,  that  the  intensity  of  scattered  light  increases  with 
d3  of  the  droplets,  the  ratio  dmtn/dsai  can  be  calculated,  which 
characterizes  the  range  where  errors  may  occur,  when  the 
critical  diameter  dmax  is  exceeded. 


It  is  obvious,  that  this  ratio  should  be  as  close  as  possible  to 
unity.  This  could  be  reached  with  a  lower  dynamic  range  in 
detection,  which  on  the  other  hand  would  result  in  a  loss  of 
information  from  small  droplets  in  the  spray  and  therefore  is 
impractical.  Especially  for  the  backscatter  range  it  can  be  seen 
from  Table  2  that  this  ratio  is  very  low.  From  this,  non¬ 
dominant  modes  will  disturb  the  fringe  pattern  of  the 
dominant  mode  in  a  wide  diameter  range.  From  this  point  of 
view,  the  74°-configuration  is  the  most  suitable  configuration 
due  to  the  high  ratio  of  intensities  between  dominant  and  non¬ 
dominant  modes. 


From  the  above  discussion  it  is  obvious,  that  wrong 
signals  may  be  received  due  to  non-uniform  illumination  of 
the  droplets  when  dense  sprays  with  a  wide  diameter 
distribution  are  under  investigation.  The  performance  of  a 
phase  Doppler  instrument  can  be  improved  by  the  detection 
and  rejection  of  signals  from  particles  on  critical  trajectories. 
Here  several  suggestions  from  Bachalo  et  al.  (1993),  Aizu  et 
al.  (1993)  or  Grehan  et  al.  (1993)  exists,  where  most  of  them 
are  not  practical  with  a  standard  instrument.  The  equipment 
under  investigation  makes  use  of  two  algorithms  to  reject 
errors  due  to  non-uniform  illumination. 


3.3.  Rejection  algorithms 


Nr 

dmax  [urn] 
30°  (1/0) 

dmax  [pm] 
74”  (1/0) 

dmax  [pm] 
150°  (2b/0) 

failing  phase  comp. 
d>=30”  (1/0) 

failing  phase  comp. 
<t>=74”  (1/0) 

failing  phase  comp 
d>=150”  (2h/0) 

1 

133 

110 

121 

101 

0-211 

(542-284) 

0-492 

0-304 

(456-377) 

2 

133 

110 

121 

101 

0-105 

(271-141) 

0-236 

(392-203) 

0-152 

(228-186) 

3 

133 

110 

121 

101 

0-53 

(135-70) 

0-116 

(201-104) 

0-77 

(115-94) 

4 

330 

273 

301 

250 

0-530 

(1411-726) 

0-1134 

(2005-1030) 

(1090-924) 

5 

330 

273 

301 

250 

0-263 

(672-346) 

(1012-520) 

0-378 

(566-460) 

6 

330 

273 

301 

250 

0-132 

(343-177) 

0-299 

0-192 

(288-237) 

7 

677 

560 

617 

514 

0-976 

(2864-1471) 

0-2323 

(3581-1839) 

0-1555 

(2332-1826) 

8 

677 

560 

617 

514 

0-530 

(1411-726) 

0-1134 

(2005-1030) 

0-786 

(1180-986) 

9 

677 

560 

617 

514 

0-275 

(705-363) 

0-625 

(1012-520) 

0-378 

■EM 

71 

59 

65 

54 

0-112 

(293-152) 

0-254 

(428-220) 

0-162 

(243-199) 

ill 

71 

59 

65 

54 

0-57 

(146-76) 

0-127 

(217-112) 

0-83 

(124-101) 

■a 

71 

59 

65 

54 

0-28 

wmmwm. 

0-62 

(105-55) 

0-41 

(61-50) 

□  3 

176 

146 

160 

134 

0-287 

(705-363) 

0-625 

(1089-560) 

0-410 

(615-507) 

mm 

176 

146 

160 

134 

0-143 

(370-191) 

0-327 

(541-279) 

mm 

176 

146 

160 

134 

0-70 

(182-95) 

0-156 

(261-135) 

0-101 

(152-125) 

mm 

361 

299 

329 

274 

0-574 

(1566-805) 

0-1134 

(2005-1030) 

mEmm 

mm 

361 

299 

329 

274 

0-287 

(742-381) 

0-687 

(1089-560) 

0-410 

(615-507) 

mm 

361 

299 

329 

274 

0-143 

(361-186) 

0-312 

(541-279) 

0-205 

(307-250) 

Table  3  Diameter  of  probe  volume  and  characteristic  diameters  concerning  non-uniform  droplet  illumination 
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In  the  first  rejection  algorithm  a  phase  comparison 
between  the  two  pairs  of  detectors  is  used  to  distinguish 
between  the  fringe  pattern  of  different  scattering  modes.  The 
diameter  values  determined  from  the  signals  of  the  two  pairs 
of  detectors  must  agree  to  within  some  specified  tolerance. 
This  tolerance  is  necessary  to  allow  a  slight  ellipticity  of  the 
measured  droplets.  From  Haugen  et  al.  (1993)  it  is  known  that 
the  phase  comparison  may  fail  for  large  tolerances  in  droplet- 
ellipticity  check.  For  the  AEROMETRICS  instrument,  the 
result  of  the  analysis  of  this  rejection  algorithm  is  presented  in 
Table  3  for  the  suggested  15%  level  in  droplet-ellipticity 
check  from  the  manufacturer.  The  values  in  brackets  show  the 
limits  of  the  linear  redistribution  due  to  the  erroneous 
interpretation  of  scattered  light  from  non-dominant  modes.  In 
the  30°  off-axis  configuration  of  combination  Nr.  1  for 
example,  a  very  small  droplet  is  interpreted  as  a  565  pm  one 
and  an  actually  214  pm  droplet  as  a  292  pm  one.  when  they 
pass  the  probe  volume  on  critical  trajectories.  It  can  be  seen 
from  the  analysis,  that  this  rejection  algorithm  fails  up  to 
almost  the  first  half  of  the  measuring  range.  For  the 
backscatter  configuration  only  the  interaction  between  the 
p=2b  and  the  p=0  mode  is  analyzed,  since  due  to  similar 
slopes  of  the  modes  p=2a  and  the  p=2b  phase-comparison  fails 
here  for  the  whole  diameter  range. 

The  second  rejection  algorithm,  intensity  validation, 
checks,  if  signal  intensity  and  measured  diameter  correspond 
to  each  other.  Usually  many  droplets  pass  the  probe  volume 
on  non-critical  trajectories  away  from  the  center,  and  therefore 
scatter  light  with  the  correct  phase  information  but  a  low 
intensity.  Since  these  particles  should  be  validated,  the 
intensity  validation  algorithm  is  suitable  only  to  reject 
particles  which  are  erroneously  sized  too  small.  From  the 
values  in  brackets  in  table  3  it  can  be  seen,  that  particles  not 
rejected  by  phase  comparison  are  usually  sized  too  large,  and 
therefore  even  with  intensity  validation  no  complete  rejection 
will  be  accomplished. 

4.  EXPERIMENTAL  INVESTIGATIONS 

The  above  analysis  clearly  demonstrates  the  limits  of 
the  different  optical  configurations  of  the  AEROMETRICS 
instrument.  Since  most  of  these  parameters  have  a  more 
estimative  character,  in  the  following,  results  will  be 
presented  from  measurements,  in  OTder  to  analyze  actually 
occurring  errors.  These  measurements  are  performed  with 
monodisperse  droplets,  where  laser  intensity  and  instrument 


setup  are  chosen  in  order  to  simulate  measurements  on  a 
polydisperse  spray.  Three  different  droplet  sizes  of  approx. 
50  pm,  100  pm  and  200  pm  in  diameter  have  been 
investigated.  representing  a  polydisperse  diameter 
distribution. 

From  the  previously  discussed  layout  criteria  a  focal 
length  of  495  mm  for  the  focusing  lens  offers  a  wide  velocity 
measurement  range  and  sufficient  accuracy  in  droplet  sizing 
with  respect  to  the  range  of  diameters  studied  here.  With  the 
selection  of  the  300mm  collimating  lens  the  probe  volume 
diameter  is  limited  to  176pm.  This  selection  is  chosen  with 
respect  to  the  discussed  difficulties  when  sizing  dense  sprays. 
The  instrument  was  used  on  track  2  of  the  rotating  grating 
(Configuration  Nr.  14).  In  every  case  detector  sensitivity  and 
laser  intensity  were  selected  such  that  saturation  of  the 
detectors  just  occurs  for  the  200pm  particles  passing  through 
the  center  of  the  probe  volume. 


-M  - .  _ .  I 

(SfKoon 

of  detector 

direction  70*  off-axis 

of  detector 


Fig  3  Experimental  setup 

Fig  3  shows  a  schematic  of  the  experimental  setup. 
The  arrow  on  the  left  illustrates  the  direction  of  the  incident 
laser  beams  which  form  the  elliptic  probe  volume.  A 
schematic  grid  is  added  to  indicate  the  positions  of 
investigated  droplet  trajectories.  The  arrows  in  the  top  of  the 
probe  volume  show  where  the  receiver  optic  is  positioned  for 
the  three  different  configurations.  The  droplets  were  produced 
with  a  piezoelectric  driven  monodroplet  generator,  described 
by  Anders  et  al.  (1986),  which  is  fixed  on  a  microtraverse.  A 
distance  of  approx.  50mm  between  droplet  generator  and 
probe  volume  ensured  that  the  droplets  were  spherical  when 
entering  the  probe  volume. 

4.1.  30°-off-axis  configuration 


y-Position  (pm)  y-Position  [pm]  y-Position  [pm] 


Fig.  4  Positions  of  validated  trajectories  (30°  off-axis)  a.)  d=60pm  b.)  d=l  10pm  c.)  d=200pm 
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The  data  points  in  Fig.  4  illustrate  for  the  30°  off-axis  probe  volume  along  the  laser  beams  is  obtained  by  a  slit  in  the 
configuration  trajectory  positions  for  which  droplets  have  receiving  optics.  The  projection  of  this  slit  is  added 

been  accepted  by  the  instrument,  regardless  of  acquisition  schematically  in  Fig.  4.  For  the  small  droplets  in  Fig  4a.  the 

rate,  validation  rate  and  measured  diameter.  The  area  from  probe  volume  is  limited  only  due  to  these  basic  effects.  The 
where  signals  can  be  obtained  is  limited  due  to  several  effects.  larger  droplets  show  a  different  behavior  which  arises  due  to 

The  incident  laser  beams  are  parallel  with  the  y-axis  and  for  non-uniform  droplet  illumination.  Here  an  additional  area  in 

that  reason  the  decreasing  intensity  of  the  beam  profile  limits  the  lower  right  edge  can  be  observed  where  data  are  accepted 

the  detection  of  signals  in  the  x-direction.  A  limitation  of  the  by  the  instrument. 


x-Position  fymn]  x-Posrtion  [pm]  x-Position  |pm] 


Fig.  3  Measured  diameters  for  different  droplets  at  different  positions  in  probe  volume  (30°  off  axis) 

In  Fig.  5  the  measured  diameter  values  at  different  For  the  200pm  droplets,  sizing  errors  are  observed  as 

positions  in  the  probe  volume  illustrate  effects  due  to  the  well,  but  the  validation  rate  is  strongly  reduced  by  the  phase 

Gaussian  intensity  distribution.  As  expected  from  the  layout  comparison  algorithm.  Therefore  from  the  diameter  range 

criteria  no  significant  errors  occur  for  the  60pm  particles.  where  phase  comparison  works,  no  statistically  relevant  errors 

These  droplets  are  much  smaller  than  dm«  and  therefore  are  are  expected, 

sized  correctly.  Validation  rates  are  reduced  only  slightly  in 

the  regions  near  the  projections  of  the  slit.  4.2.  74°-off-axis  configuration 

The  most  significant  errors  occur  for  the  110pm 

droplets,  despite  the  fact  that  this  diameter  is  lower  than  dmu.  From  the  theoretical  analysis  it  is  clear  that  the  74°  off-axis 

The  erroneous  diameter  of  243  pm  corresponds  to  the  configuration  shows  many  advantages  in  comparison  to  the 

scattering  mode  p=0.  Since  the  phase  comparison  fails  for  this  30°  off-axis  configuration, 

size  class,  the  validation  rate  is  not  reduced  for  these 
trajectories. 


y-Position  (pm]  y-Position  [pm]  y-Position  (pm] 


Fig.  6  Positions  of  validated  trajectories  (74°  off-axis)  a.)  d=55pm  b.)d=90pm  c.)d=190pm 

The  diameter  dm*»  is  higher,  which  means  that  with  the  exceeded.  In  summary,  this  configuration  should  have  a  much 

same  diameter  of  probe  volume  larger  droplets  can  be  sized  better  performance,  even  without  rejection  algorithms.  It  can 

without  Gaussian  beam  effects.  In  addition,  the  ratio  dmin/dui  be  seen  from  the  measurements  that  areas  with  uncertainties  in 

is  closer  to  one  and  therefore  non-dominant  modes  will  disturb  the  sizing  result  occur  at  the  edges  of  the  measuring  volume, 

the  dominant  ones  only  in  a  small  diameter  range  when  dmax  is  In  contrast  to  the  30°  off-axis  configuration,  erroneous  values 
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do  not  correspond  to  the  p=0  mode.  In  addition,  for  large 
droplets,  the  area  of  misinterpretation  is  not  at  the  lower  edge 
of  the  probe  area  but  rather  on  the  side  nearest  the  receiver.  It 
is  obvious  from  Fig.  1  that  the  p=3  mode  is  the  relevant  mode, 
disturbing  the  fringe  pattern  of  the  dominant  p=l  mode.  Since 
both  modes  have  almost  the  same  slope  factor,  no  rejection  by 
phase  comparison  can  be  obtained. 


With  the  relatively  small  area  of  misinterpretation,  and 
since  erroneous  measured  diameters  do  not  differ  much  from 
actual  values,  this  configuration  seems  to  be  suitable  for  spray 
measurements.  On  the  other  hand  it  is  obvious  that  with 
standard  instrumentation  no  significant  improvement  in 
accuracy  can  be  obtained. 
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Fig.  7  Measured  diameters  for  different  droplets  at  different  positions  in  probe  volume  (74°  off  axis) 


4.3.  150°off-axis 

As  mentioned  above  the  backscatter  arrangement  has 
its  great  advantages  when  applied  to  real  machines  with 
limited  optical  access.  From  the  above  discussed  theoretical 


considerations,  this  configuration  shows  the  worst  results,  do 
and  dmax  show  the  lowest  values  and  therefore  the  dominant 
mode  is  disturbed  in  a  wide  diameter  range.  Additionally, 
rejection  algorithms  for  the  two  p=2  modes  fail. 


y-Position  (pm)  y-Position  [pm]  y-Position  [pm] 


Fig.  8  Positions  of  validated  trajectories  ( 1 50®  off-axis) 

The  area  of  validated  trajectory  positions  for  the  backscatter 
configuration  shows  especially  for  the  large  droplets  similar 
irregularities  of  the  probe  area  as  the  30°  off-axis 
configuration. 

The  poor  performance  parameters  of  the  backscatter 
configuration  are  manifested  in  sizing  errors.  For  small 
droplets  the  measured  values  vary  in  the  order  of  50%.  where 


a.)d=60pm  b.)d=110pm  c.)  d=200pm 

in  contrast  to  above  discussed  configurations  no  distinct  area 
with  misinterpretation  occurs  and  no  rejection  can  be 
observed.  In  addition,  no  distinct  levels  of  erroneous  measured 
diameters  like  the  forward-scattering  configurations  can  be 
observed.  For  large  droplets  rejection  algorithms  fail,  since 
the  two  dominant  modes  p=2a  and  p=2b  show  similar  slopes 
and  can  not  be  distinguished. 
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Fig.  9  Measured  diameters  for  different  droplets  at  different  positions  in  probe  volume  (150°  off  axis) 


CONCLUSIONS 

The  analysis  of  the  AEROMETR1CS  standard 
instrument  clearly  demonstrates  the  limits  of  this  instrument 
concerning  errors  due  to  non-uniform  droplet  illumination. 
Nevertheless,  with  the  presented  layout  parameters  it  is 
possible  to  Find  a  suitable  configuration  for  most  applications. 
The  measurements  performed  here  in  general  confirm  the 
applicability  of  parameters  from  the  layout  procedure,  which 
has  a  more  estimative  character. 

Additional  calculations  have  to  be  performed  to 
analyze  that  range  of  trajectories  where  the  dominance  of 
different  modes  changes.  The  extent  of  this  area  strongly 
influences  the  performance  of  the  instrument.  However,  with 
knowledge  of  these  effects,  algorithms  may  be  developed 
which  correct  diameter  distributions  disturbed  by  Gaussian 
beam  effects. 
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1  Introduction 

To  measure  particle  velocity/  particle  size  corre¬ 
lations,  the  phase  Doppler  Anemometer  (PDA) 
represents  one  of  the  most  versatile  and  accurate 
techniques  available  today. 

Nevertheless,  like  any  technique,  the  PDA  is 
not  without  limitations: 

•  When  the  size  of  the  particle  under  investiga¬ 
tion  is  of  the  same  order  as  the  incident  wave¬ 
length.  the  phase  shift /diameter  relationship 
is  no  longer  linear  because  of  Mie  resonances. 
This  leads  to  ambiguity  in  the  size  determi¬ 
nation.  see  Sankar  et  al.  (1990)  and  Naqwi 
et  al.  (1992). 

•  When  the  particle  size  is  not  small  compared 
to  the  focused  beam  diameter,  the  phase 
shift /diameter  relationship  is  also  nonlinear 
because  of  the  nonuniform  incident  inten¬ 
sity  across  the  surface  of  the  particle.  The 
nonuniform  illumination  leads  to  a  change  in 
the  ratio  of  refracted  and  reflected  light  re¬ 
ceived  by  the  detectors  and  thus  modifies  the 
intended  phase  shift/diameter  relationship. 
This  effect  is  known  as  trajectory  ambigu¬ 
ity  or  Gaussian  beam  defect,  since  the  aris¬ 
ing  error  depends  on  the  particle  positions  or 


particles  trajectory  inside  the  measurement 
control  volume. 

The  latter  effect  has  been  studied  in  detail 
by  using  geometrical  optics  (Bachalo  &  Sankar 
(1988),  Sankar  &  Bachalo  (1991))  and  Gener¬ 
alized  Lorenz-Mie  Theory  (GLMT)  (Grehan  et 
al.  (1991,1994)).  Various  solutions  to  remove  or 
at  least  minimize  the  trajectory  ambiguity  have 
been  proposed  for  classical  geometries  (Grehan  et 
al.  (1992))  or  using  more  original  designs  such  as 
the  Planar  geometry  (Aizu  et  al.  (1993),  Modi¬ 
fied  Standard  geometry  (Xu  &  Tropea  (1994))  or 
the  dual  burst  technique  (Onofri  et  al.  (1994)). 
Nevertheless,  these  studies  have  been  focused  on 
refractive  particles,  i.e.  water  droplets  and  PDA 
configurations  in  which  refraction  is  the  dominat¬ 
ing  scattering  mechanism  to  be  considered.  In 
the  present  paper  the  trajectory  ambiguity  will  be 
examined  for  reflective  dominated  systems,  typ¬ 
ically  systems  for  the  measurement  of  particles 
with  a  relative  refractive  index  less  than  one,  i.e. 
air  bubbles  in  water. 

This  paper  describes  a  study  of  trajectory  ef¬ 
fects  in  the  phase  Doppler  technique  taking  into 
account  all  the  properties  of  the  optical  signal 
(phase  shift,  visibility,  and  pedestal)  and  is  orga¬ 
nized  as  follows.  Section  2  reviews  the  GLMT  and 
simulation  model  as  well  as  the  geometry  under 
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study.  Then  section  3  displays  computational  re¬ 
sults  for  the  classical  geometry  and  discusses  simi¬ 
larities  and  differences  compared  with  the  droplet 
case.  Section  4  is  devoted  to  modified  standard 
geometries  while  section  5  is  devoted  to  the  dual 
burst  technique.  Section  6  is  a  conclusion. 

2  GLMT,  simulation  model 
and  geometry  under  study 

2.1  GLMT 

The  classical  Lorenz-Mie  Theory  (LMT),  which  is 
about  one  century  old.  describes  the  interaction 
between  a  piane  wave  and  a  homogeneous  sphere. 
It  has  been  widely  used  to  design  instruments  and 
to  analyze  data  in  optical  sizing.  Unfortunately, 
most  techniques  use  laser  sources  which  produce 
finite  cross-section  light  beams  so  that  when  the 
particle  diameters  are  not  small  enough  with  re¬ 
spect  to  the  beam  width,  LMT  is  inevitably  mis¬ 
leading.  Therefore,  the  research  team  at  Rouen 
worked  out  a  generalization  of  LMT.  A  descrip¬ 
tion  of  the  analytical  work  is  given  in  Gouesbet 
et  al.  (1991),  where  earlier  references  may  also 
be  found. 

The  physics  behind  GLMT  is  very  simple.  It 
solves  Maxwell’s  equations  with  the  appropri¬ 
ate  boundary  conditions  at  the  surface  of  the 
sphere  and  at  an  infinite  distance  from  the  sphere. 
GLMT  introduces  two  new  series  of  beam  shape 
coefficients  g™TM  an(*  9™,TE'  which  describe  the 
incident  beam.  For  practical  computations  spe¬ 
cial  algorithms  have  been  developed  for  the  case 
of  circular  and  elliptical  Gaussian  beams.  The 
more  powerful  technique  is  based  on  the  so-called 
localization  principle  (Gouesbet  et  al.  (1990)), 
which  has  been  recently  rigorously  demonstrated 
(Lock  and  Gouesbet  (1994)).  Only  codes  based 
on  the  localization  principle  are  used  to  carry  out 
computations  in  the  present  paper. 

2.2  Simulation  Model 

The  scattered  light  signal  from  a  dual-beam  sys¬ 
tem  may  be  expressed  in  the  following  form 
(Naqwi  k  Durst  (1991)): 

P(l)  =  Pj  [  1  +  V  cos(  Aw  t  +  $ )]  ( 1 ) 


where  P4,  u.  4>  and  Aw  are  the  signal  pedestal, 
visibility,  phase  and  heterodyne  Doppler  fre¬ 
quency,  respectively.  The  parameters  f\.  i>.  and 
$  are  functions  of  the  complex  scattering  ampli¬ 
tudes  5 1  and  52.  which  are  provided  by  GLMT 
(Grehan  et  al.  (1994)). 

2.3  PDA  setup 


Figure  1:  Geometry  of  phase  Doppler 


In  order  to  be  able  to  compare  with  results 
previously  published,  the  geometry  selected  is  as 
close  as  possible  to  the  layout  studied  in  Bachalo 
&  Sankar  (1988).  Sankar  k  Bachalo  (1991).  using 
geometrical  optics  or  Grehan  et  al.  (1991.1994). 
using  GLMT.  The  optical  layout  is  illustrated  in 
Fig.  1,  where  various  angles  are  defined,  the  size 
and  location  of  the  rectangular  receiving  aper¬ 
tures  used  for  detectors  D\ .  Di  and  Z?3.  are  also 
shown. 

Two  laser  beams,  polarized  parallel  to  the  OX 
axis,  propagate  in  the  (YOZ)  plane.  The  two 
beam  waists  are  centered  at  point  O.  The  results 
presented  here  pertain  to  an  angle  of  1.35°  be¬ 
tween  the  two- beams.  The  beam  waist  diameter 
is  80  pm  and  the  wavelength  is  0.4747  pm.  At 
the  centre  of  the  measuring  volume,  each  beam 
has  an  intensity  of  10'  W/m2. 
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Detector 

6 

Dx 

4.1° 

4.39° 

1.57  0 

02 

1.27° 

5.71° 

1.27  0 

D  3 

-4.1° 

4.39° 

1.57  0 

Table  i:  Elementary  detector  parameters 


Each  detector  is  defined  by:  its  center  location, 
an  off-axis  angle  0  in  the  plane  ( ZOX )  and  an  el¬ 
evation  angle  and  its  aperture  size.  Parallel 
to  the  fringes,  the  receiving  aperture  subtends  a 
half-angle  E  and  normal  to  the  fringe*  the  half- 
angle  is  denoted  by  £.  Table  1  gives  the  values 
used  in  this  paper.  Air  bubbles  in  water  with  a 
complex  refractive  index  of  0.75  -  O.Oi  are  consid¬ 
ered  as  the  scattering  particles.' 

2.4  Computation  domain 

The  computation  domain  in  this  paper  is  limited 
to  the  plane  ( XOY ),  where  the  particle  center 
was  moved  in  steps  of  16  pm  parallel  to  the  OX 
and  OY  directions,  describing  a  square  with  each 
side  of  160  pm  using  121  grid  points.  For  each 
of  these  121  locations,  the  pedestal,  visibility  and 
phase  recorded  by  each  of  the  three  detectors  were 
computed. 

Each  component  of  this  11x11  matrix  was  in¬ 
terpolated  onto  a  25x25  grid  and  used  to  draw 
maps  as  in  Grehan  et  al.  (1994). 

3  Standard  geometry 

3.1  30°  detection 

The  collection  unit  is  in  the  plane  ( XOZ ),  with 
an  off-axis  angle  of  0  =  30°.  The  main  particle 
trajectory  is  parallel  to  the  Y  axis. 

Figures  2  and  3  display  iso- pedestal  lines  (more 
exactly  iso-level  of  logio(F’a),  where  Ps  is  ex¬ 
pressed  in  Watt),  corresponding  to  detector  D\, 
for  bubbles  of  1  and  40  ^m  diameter,  respectively. 

Figures  4  and  5  display  iso-phase  shift,  lines  be¬ 
tween  detector  pairs  1-2,  $12  and  1-3,  $13  respec¬ 
tively.  for  a  bubble  of  1  pm  diameter.  Figures  6 


Figure  2:  Iso-pedestal  lines  for  detector  D\  and  a 
bubble  of  1  pm  diameter 


Figure  3:  Iso-pedestal  lines  for  detector  D 1  and  a 
bubble  of  fO  pm  diameter 
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and  7  show  $j2  and  4>13  but  for  a  40  ^m  diam¬ 
eter  bubble.  Maps  of  visibility  are  not  presented 
because  the  visibility  is  always  very  good. 

Figure  2  and  3  show  that  the  pedestal  is  a 
strong  function  of  the  bubble  diameter  and  lo¬ 
cation  in  the  control  volume.  Furthermore,  the 
location  of  the  maximum  value  of  the  pedestal 
depends  on  the  particle  size  (and  detector  loca¬ 
tion).  For  example,  for  the  40  pm  diameter  bub¬ 
ble  (Fig.  3),  the  maximum  is  located  at  (V  =  0, 
x  ss  —16  pm).  The  location  of  the  maximum  of 
the  pedestal  r.toves  opposite  than  for  the  droplet 
case  (Grehan  et  al.  (1994)). 

Figures  4-5.  for  1  /rm  diameter  bubble,  show 
that  the  phase  shift  is  nearly  independent  of  the 
particle  location  in  the  control  volume.  The  gra¬ 
dient  of  illuminating  light  intensity  onto  the  par¬ 
ticle  is  very  small.  Hence  the.  assumption  of  a 
uniform  illumination  of  the  particle  is  verified  and 
the  classical  Lorenz-Mie  theory  could  be  used  suc¬ 
cessfully  (the  phase  shifts  predicted  by  LMT  are 
$12  =  0.468°  and  $13  =  1.338°). 

Figures  6-7,  for  the  40  pm  diameter  bubble, 
show  that  the  phase  shift  is  strongly  dependent 
on  the  particle  location. 

If  we  want  to  measure  at  the  same  time  1  pm 
and  40  pm  diameter  bubbles,  the  level  of  mini¬ 
mum  pedestal  must  be  -7.5  (see  Fig.  2).  Then 
from  figure  3  and  figures  6-7,  the  measured  phase 
shift  for  a  40  /rm  diameter  bubble  evolves  (i) 
from  20°  to  28°  for  $i2  (ii)  from  58°  to  82° 
for  $13.  Note  that  the  plane  wave  prediction 
for  a  40  pm  bubble  are  $12, LMT  -  24.10°  and 
$13  .LMT  =  69.17°. 

Then  for  this  standard  geometry,  as  the  mean 
particle  trajectory  is  parallel  to  the  Y  axis, 
the  measured  diameter  for  a  40  pm  bubble 
could  vary  from  about  37  to  53  pm,  if  the 
measured  phase  shift  are  interpreted  with  the 
plane  wave  relationships  Phase  shift/diameter 
(dp  =  0.658  $13).  For  bubbles,  the  trajectory  am¬ 
biguity  overestimates  the  bubble  diameter  in  con¬ 
trast  with  the  droplet  case  where  it  corresponds  to 
an  underestimate  at  the  droplet  diameter  (Grehan 
et  al.  (1994)). 

Nevertheless,  the  trajectory  effect  is  less  impor¬ 
tant  than  for  the  droplet  case.  The  difference  can 
be  explained  as  follows. 


Figure  8:  Rays  contributing  to  the  scattering  pro¬ 
cess  at  an  off-axis  of  30°,  for  a  water  droplet  in 
air  or  an  air  bubble  in  water 


At  30°,  for  a  water  droplet  as  well  as  for  an  air 
bubble  the  two  main  contributions  are  due  to  re¬ 
fraction  and  reflection. 

For  example  for  a  40  pm  diameter  particle,  by- 
reflection,  the  ray  which  is  collected  corresponds 
to  an  impact  parameter  prji  of  %  19.3  pm  for 
both  cases  (droplet  or  bubble).  But  by  refrac¬ 
tion,  the  ray  which  is  collected  corresponds  to  an 
impact  parameter  pT/rb  of  a  10.4  ^m  for  the 
bubble,  and  prfrd  of  a  -9.7  pm  for  the  droplet 
(see  figure  8).  Then  the  modification  of  the  rel¬ 
ative  importance  of  rays  reflected  and  refracted 
involves  rays  separated  from  a  9  pm  for  the  bub¬ 
ble,  but  a  29  pm  for  the  droplet. 

3.2  70°  detection 

Nevertheless,  a  30°  detection  is  really  only  an 
attractive  solution  when  the  optical  access  is  lim¬ 
ited,  it  is  not  the  best  choice  for  measuring  bub¬ 
bles.  When  possible  a  location  of  the  detector 
unit  at  a  70°  is  recommended. 

Figures  9  and  10  correspond  to  such  a  detection 
angle  of  70°.  From  Figure  9  the  shift  of  the  lo- 
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Figure  9:  Iso-pedestal  lines  for  detector  D\  and  a 
bubble  of  40  pm  diameter,  70°  detection 


-80  -40  -0  40  80 


Figure  10:  Iso-phase  shift  lines  $13  for  a  bubble 
of  40  pm  diameter.  70°  detection 


cation  of  the  maximum  of  the  pedestal  toward 
negative  A'  is  close  to  the  one  predicted  for  a 
30°  detection.  Comparing  Figs  7  and  10.  it  is 
clear  that  the  trajectory  effect  is  much  less  se¬ 
vere  for  the  70°  detection:  contour  lines  are  not 
present  in  the  bottom  of  the  figure  due  to  the  in¬ 
variance  of  the  phase  shift.  The  phase  shift  pre¬ 
dicted  by  LMT  for  a  40  pm  bubble  is  of  42.79°. 
As  the  phase  shift /particle  relationship  diameter 
is  =  1.058  $13,  the  measured  diameter  of  the 
40  pm  bubble  varies  from  42  pm  to  45  pm  across 
the  measurement  volume. 

4  Modified  standard  Geometry 

The  modified  standard  geometry  corresponds  re¬ 
taining  the  same  optical  design  that  was  previ¬ 
ously  computed,  but  the  main  particle  trajectory 
is  now  parallel  to  the  A'-axis.  and  the  signal  pro¬ 
cessing  is  only  carried  out  on  the  part  of  the  signal 
corresponding  to  the  maximum  of  the  pedestal 
(Xu  &  Tropea  (1994)). 

Re-interpreting  the  series  of  Figures  2-7.  we 
conclude  that  when  the  mean  particle  trajectory 
is  parallel  to  X,  and  the  signal  processing  is  lim¬ 
ited  to  the  maximum  of  the  pedestal,  the  bubble 
diameter  is  measured  with  a  good  accuracy,  in¬ 
cluding  detection  at  an  angle  of  30°. 

5  Dual  burst  technique 

The  aim  of  the  dual  burst  technique  is  to  mea¬ 
sure  the  size,  velocity,  and  refractive  index  of  a 
particle  by  using  only  one  detection  unit  and  a 
continuous  analysis  of  the  phase  shift  evolution 
during  each  burst.  The  principal  of  the  tech¬ 
nique  is  fully  described,  in  the  case  of  refract¬ 
ing  droplets,  by  Onofri  et  al.(  1994 ).  The  aim 
of  this  section  is  to  discuss  the  similarities  and 
differences  with  the  droplet  case,  in  order  to  de¬ 
scribe  the  applicability  of  the  method  to  liquid 
flow  with  solid  (refractive  or  strictly  reflecting) 
particles  and  bubbles. 

Fig.  1 1  displays  the  evolution  of  the  phase  shift 
and  pedestal  for  three  bubbles  of  different  size 
travelling  parallel  to  OX.  Taking  into  account  a 
variation  of  the  intensity  limited  to  106.the  pres- 
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Figure  11:  Dual  burst  geometry,  2  wq  =  40pm, 
(a)  evolution  of  the  phase  shift  along  X  (b)  evo¬ 
lution  of  the  pedestal,  the  particle  diameter  is  the 
parameter:  bubble  case 


Figure  12:  Dual  burst  geometry.  2  u’o  =  40//  m. 
(a)  evolution  of  the  phase  shift  along  X  (b)  evo¬ 
lution  of  the  pedestal,  the  particle  diameter  is  the 
parameter:  perfectly  reflecting  particle 


ence  of  a  second  burst  is  not  clear,  in  contrast  to 
the  refracting  droplet  case,  . 

Nevertheless,  from  Fig.  11,  GLMT  phase  shift 
predictions  for  X  =  -80  pm  are  46.6,  95.4  and 
192.7  0  ,  and  for  X  =  0,  34.3,  64.6  and  119.2 
°  for  the  bubbles  of  20,  40  and  80  pm,  respec¬ 
tively.  To  compare,  the  phase  shifts  predicted  by 
geometrical  optics  for  such  bubbles  with  this  ge¬ 
ometry  are  (i)  by  reflection  48,  98,  and  195  °,  (ii) 
by  refraction  30,  60,  and  117  0  for  the  20,  40,  and 
80  pm  bubbles,  respectively. 

Then,  for  example  with  the  80  pm  bubble,  the 
phase  evolves  between  approximately  the  value 
predicted  by  geometrical  optics  for  a  reflective 
scattering  process  to  a  refractive  scattering  pro¬ 
cess.  The  gradient  of  light  on  the  particle  is 
strong  enough  to  shift  the  "refracted  burst"  and 
the  "reflected  burst"  but  not  enough  to  separate 
them.  This  evolution  is  limited  to  the  negative 
abscissa,  for  the  positive  abscissa  another  scatter¬ 
ing  process  is  prevailing,  but  not  discussed  here 
because  the  level  of  the  corresponding  pedestal  is 
very  low. 

Fig.  12  displays  the  same  evolution  as  Fig.  11 


but  for  a  perfectly  reflecting  particle  (m=1.5-5i). 
The  particle  is  so  absorbing  that  no  light  can  cross 
through  it.  Again,  we  limit  our  attention  to  the 
negative  abscissa,  as  for  Fig.  11.  The  main  be¬ 
haviour  is  that  now  the  phase  is  exactly  constant, 
corresponding  to  geometric  optics  predictions  for 
a  reflecting  particle.  Then,  especially  for  big  par¬ 
ticles,  the  difference  between  bubbles  and  strictly 
reflecting  particles  can  be  extracted  from  the  con¬ 
tinuous  evolution  of  the  phase  in  the  burst  of  bub¬ 
bles. 

6  Conclusion 

In  the  present  paper,  the  influence  of  the  trajec¬ 
tory  effect  on  size  measurements  of  bubbles  by 
phase  Doppler  technique  has  been  discussed  for  a 
classical  geometry,  a  modified  standard  geometry, 
as  well  as  for  the  Dual  Burst  technique.  In  the 
later  case,  possibility  of  distinction  between  bub¬ 
bles  and  perfectly  reflecting  particles  has  been  di- 
cussed.  These  results  will  help  to  understand  the 
physical  effects  which  are  at  the  origin  of  the  tnea- 
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surements  of  ghost  bubbles  in  some  experimental 
set-ups  (Moechti,  1993). 
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Abstract 

A  new  PDA  measurement  system  is  introduced  and 
analysed  in  this  paper.  The  system  has  been  called  the 
Dual-Mode  PDA,  since  it  combines  a  conventional  or 
standard  PDA  optical  arrangement  with  a  planar  PDA 
system.  Using  four  detectors  and  measuring  two  veloc¬ 
ity  components,  the  new  system  eliminates  completely 
ambiguity  in  the  size  measurement  due  to  particle  tra¬ 
jectory.  Design  considerations  and  first  results  using 
mono-dispersed  droplets  are  presented. 


1  Introduction 

Of  increasing  interest  is  the  application  of  the  phase 
Doppler  anemometer  technique  to  the  measurement  of 
mass  flux  and  concentration,  especially  in  sprays.  Such 
measurements  are  essential  when  studying  droplet 
evaporation,  paint  spray  deposition,  droplet  splash¬ 
ing  on  a  wall,  etc.,  where  a  mass  balance  at  different 
measurement  planes  is  the  primary  quantity  of  inter¬ 
est.  Experience  in  measuring  mass  flux  with  the  PDA 
technique  has  however,  been  varied,  notwithstanding 
the  considerable  effort  required  to  integrate  over  nu¬ 
merous  measurement  points  to  obtain  a  total  mass  flux 
comparable  to  a  reference  value  monitored  at  the  spray 
input.  Whereas  some  investigations  have  reported  val¬ 
ues  which  are  too  low,  especially  with  very  fine  droplet 
distributions  (Bulzan  et  al.  1992),  an  overestimation 
of  the  mass  flux  is  more  typical,  sometimes  reaching 
many  hundreds  of  percent  in  simple  pressure  driven 
atomizers.  It  is  therefore  instructive  to  consider  the 
primary  measurement  quantities  required  to  compute 
the  local  mass  flux,  eg.  for  a  uni-directional  flow: 

_  * p  y,  D*Nt  UjPT) 

n  6At  h  ^Di)"  \^(d,)\ 


11 

index  of  flux  direction 

i 

index  of  droplet  size 

AT, 

number  of  particles  in  size  class  i 

Un(Dt) 

velocity  of  particles  in  size  class  i 

and  direction  n 

A(D,) 

size  dependent  cross-sectional  area 

D, 

-  droplet  size 

Of  these  parameters,  the  droplet  velocity  and  the  num¬ 
ber  of  droplets  ( Ni )  are  probably  the  most  secure,  al¬ 
though  very  low  SNR  values,  for  example  through  ob¬ 
scuration  in  dense  sprays,  may  lead  to  non-validation 
and  thus  to  counting  errors  in  Nr  Recent  work  has 
attempted  to  extend  signal  processing  to  multiple  scat¬ 
tered  in  the  measurement  volume  to  improve  this  es¬ 
timate  (Sankar  et  al.  1993).  The  reference  area  over 
which  the  passage  of  particles  is  counted,  A(Dl),  is  size 
dependent  and  has  led  to  a  numer  of  algorithms  for 
in-situ  determination  of  the  quantity  (Saffman  1987). 
Recent  work  has  shed  doubt  on  how  well  defined  the 
length  dimension  of  A(DX )  is  for  large  particles,  usually 
expected  to  correspond  to  the  slit  aperture  image  inter¬ 
secting  the  beam  crossing  (Loffler-Mang  1992,  Schone 
1993).  The  cross-sectional  area  may  also  lack  in  ac¬ 
curacy  due  to  inaccuracy  of  the  transit  time  or  the 
particle  trajectory  being  truncated  by  the  projected 
slit.  A  promising  approach  to  correctly  estimating  the 
effective  area  has  been  proposed  by  Qiu  and  Sommer- 
feld  (1992,  1994)  for  a  steady  flow  or  for  an  unsteady 
flow. 

Clearly  however,  the  accurate  measurement  of 
droplet  size  [Df)  will  be  of  utmost  importance,  since 
this  parameter  enters  the  computation  to  the  third 
power.  Unfortunately  there  are  often  conflicting  de¬ 
mands  on  the  layout  of  a  PDA  system  to  achieve  high 
accuracy  in  size  measurement.  For  dense  sprays  the 
single  realization  condition  can  only  be  met  by  de¬ 
creasing  the  measurement  volume  size,  examined  in 
detail  by  Edwards  and  Marx  (1992).  On  the  other 
hand  the  Gaussian  beam  defect  or  trajectory  effect.,  as 
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recognized  by  Saffman  (1986)  and  outlined  further  by 
Grehan  et  al.  (1991)  &  Sankar  et  al.  (1992)  will  lead  to 
larger  size  errors  as  the  ratio  of  droplet  size  to  measure¬ 
ment  volume  diameter  increases.  Even  without  alter¬ 
ing  the  measurement  volume  size,  the  trajectory  effect 
may  well  vary  significantly  in  its  influence,  as  a  spray 
evolves  downstream  through  agglomeration  (Domnick 
et  al.  1993).  It  is  therefore  the  elimination  of  the 
trajectory  effect  that  was  the  prime  motivation  of  the 
present  paper,  with  the  aim  of  improving  concentra¬ 
tion  and  mass  flux  measurements. 

There  have  been  many  suggestions  for  eliminating 
trajectory  effects  in  PDA,  ranging  from  the  judicious 
selection  of  system  parameters  (Haugen  &  von  Ben- 
zon  1993,  Naqwi  1993,  Sankar  et  al.  1991)  to  more 
complex  optical  arrangements  involving  additional  de¬ 
tectors  (Grehan  et  al.  1992).  Two  more  recent  sugges¬ 
tions  appear  to  be  more  practical  from  an  instrumen¬ 
tation  point  of  view  and  form  the  basis  for  the  present 
development. 

The  first  of  these  is  the  planar  PDA  (PPDA), 
named  for  the  fact  that  the  detectors  lie  in  the  plane 
of  the  intersecting  laser  beam  (Aizu  et  al.  1993).  Al¬ 
though  both  reflective  and  refractive  scattered  light  is 
received  with  the  PPDA,  the  contributions  come  with 
a  time-delay  and  furthermore  the  refraciive  contribu¬ 
tion  is  much  higher  in  amplitude.  Thus  a  clear  distinc¬ 
tion  at  the  signal  detection  stage  can  be  made  to  elim¬ 
inate  sizing  errors.  A  second  method  of  eliminating 
trajectory  effect  when  using  a  two-component  system, 
is  to  change  the  flow  direction  of  droplets  perpendicu¬ 
lar  to  the  beam  intersection  plane,  termed  a  modified 
standard  PDA  (MS-PDA)  (Xu  &  Troea  1994).  Both 
the  PPDA  and  MS-PDA  suffer  however,  from  the  con¬ 
straint  that  the  flow  must  be  aligned  either  with  the  X 
or  Y  axis  respectively.  In  a  turbulent  flow,  trajectory 
errors  can  still  be  expected  with  these  systems. 

Before  describing  the  new  development,  it  should 
be  mentioned  that  still  another  promising  approach 
has  been  introduced  to  avoid  trajectory  errors.  Proper 
orientation  of  the  receiving  optics  and  judicious  choice 
of  the  measurement  volume  diameter  can  also  lead  to  a 
more  distinct  separation  of  the  reflective  and  refractive 
contributions  over  a  large  range  of  droplet  diameters. 
This  effect,  used  by  Hess  &  Wood  (1993)  and  Lading  & 
Hansen  (1992)  in  their  Pulse  Displacement  Technique, 
has  also  been  recently  adapted  to  PDA  as  the  Dual 
Durst  Technique  (DBT)  (Onofri  et  al.  1994). 


2  Description  of  the  Technique 

The  Dual  Mode  PDA  is  a  four  beam,  two- 
component  system,  which  combines  two  detectors  of 
a  standard  system  with  two  detectors  of  a  planar  sys¬ 


tem  in  a  single  receiving  unit.  The  optical  layout  is 
pictured  in  Fig.  1.  The  transmitting  optics  differ  in 
no  way  from  a  conventional  PDA.  Typically,  the  main 
flow  direction  is  along  the  Y-axis,  however  deviations 
from  this  direction  do  not  lead  to  errors,  but  at  most 
a  non-validation  of  the  size  measurement. 


Figure  1 :  The  optical  geometry  of  the  Dual  mode  PDA 
System. 


The  receiving  unit  provides  four  apertures  for  the 
four  detectors,  detectors  V!  and  V2  for  the  PPDA  and 
the  velocity  component  aligned  with  the  Y-axis  and 
Ui  and  U2  for  a  standard  PDA  (SPDA)  and  the  ve¬ 
locity  component  aligned  with  the  X-axis.  Interfer¬ 
ence  filters  are  used  in  front  of  the  detectors  to  sepa¬ 
rate  the  scattered  light  from  each  of  the  beam  pairs. 


Figure  2:  Schematic  of  receiving  aperture  and  detector 
system. 
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The  segmented  collecting  lens  and  the  receiving  optics 
is  shown  schematically  in  Fig.  2,  using  a  fiber  optic 
implementation.  Conceptually,  a  fifth  detector  could 
easily  be  incorporated,  for  instance  as  U3,  providing 
redundancy  in  the  27r  phase  determination  and  thus 
the  possibility  of  refractive  index  measurements  in  ad¬ 
dition  to  a  sphericity  check.  The  receiving  aperture 
sizes  and  shapes  can  be  easily  modified  by  placing  a 
mask  in  front  of  the  segmented  lens.  The  optimization 
of  the  mask  for  a  given  application  constitutes  much 
of  the  design  work  in  achieving  the  results  presented 
below. 

3  Design  Computations 

Having  defined  the  DM-PDA,  an  optimization  for 


a  given  size  range  and  refractive  index  must  consider 
the  choice  of: 

0 

intersection  full  angle 

<t>s  - 

off-axis  angle  (SPDA) 

q,p  . 

mean  elevation  angle  (PPDA) 

A*p  - 

detector  separation  angle  (PPDA) 

A*5  - 

detector  separation  angle  (SPDA) 

and  the  receiving  aperture  size  and  shape.  The  wave¬ 
lengths  are  considered  fixed  at  A=514.5nm  used  for  the 
PPDA  and  A=488nm  for  the  SPDA.  The  present  study 
was  limited  to  relative  refractive  indexes  in  the  range 
1.1  <  m  <  2.0.  Furthermore,  only  geometries  of  the 
transmitting  optics  corresponding  to  a  standard  DAN- 
TEC  60X11  probe  have  been  considered,  as  summa¬ 
rized  in  Table  1 .  Other  values  are  achievable  through 
the  use  of  beam  expanders  or  alternative  front  lenses. 
The  receiving  apertures  are  more  tedious  to  describe, 
however  they  are  designed  on  the  basis  of  a  modified 
Dantec  57X40  FiberPDA  receiving  probe  with  a  focal 
length  of  160mm,  as  summarized  in  Table  2. 


60X11  Probe 

Beam  Separation  [mm] 

38 

Beam  Diameter[mm] 

1.35 

Focal  Length[mm] 

160 

400 

Intersection  Half-Angle[°] 

6.77 

2.72 

MV  Diameter[pm] 

75 

190 

Table  1 :  Specifications  of  transmitting  optics  used  for 
computational  study. 

3.1  Computations  According  to  Geo¬ 
metric  Optics  (G.O.) 

Some  initial  computations  were  performed  accord¬ 
ing  to  geometric  optics,  to  have  a  general  overview  of 


|  Small  Size  Range:  0-40^tm  f=  160mm  | 

U,  U2  V,  V2 

Geometric  Centerjmm] 
Areajmm2] 

11.51  -11.51  10.5  -10.5 
407  407  200  200 

Table  2:  Optical  parameters  for  receiving  unit. 


the  system  characteristics.  In  Fig.  3  the  phase  conver¬ 
sion  factors  of  a  refracting  particle  for  the  SPDA  and 
PPDA  are  shown  as  a  function  of  relative  refractive 
index  (m)  and  ofF-axis  angle  (<t>s),  whereby  some  cau¬ 
tion  must  be  given  to  these  G  O.  results  at  extreme 
values  of  m.  This  figure  indicates  that  scattering  an¬ 
gles  beyond  40°  would  severely  limit  the  PPDA  system 
at  low  m.  Values  below  20°  would  lead  to  disturbances 
through  diffraction.  The  scattering  angle  of  30°  shows 
a  flat  behaviour  for  the  PPDA  for  1.3  <  m  <  2.0,  while 
the  SPDA  conversion  factor  decreases  monotonically. 
This  behaviour  of  the  two  systems  may  be  attractive 
for  future  systems  designed  for  the  measurement  of 
refractive  index.  At  m=  1.33  the  ratio  of  phase  conver¬ 
sion  factors  SPDA/PPDA  is  approximately  3. 


Refractive  Index 

Figure  3:  Phase  conversion  factors  as  computed  ac¬ 
cording  to  geometric  optics,  (q/2=6.77°). 


In  Fig.  4  maps  of  constant  phase  conversion  factor 
are  given  for  the  SPDA  and  PPDA  as  a  function  of 
off-axis/mean  elevation  angle  and  detector  separation 
angle.  Also  from  these  figures  it  is  clear  that  scattering 
angles  near  0s  =  <l'p=30°  are  advantageous  to  allow 
good  sensitivity  in  the  PPDA  receiving  mask  design 
The  SPDA  will  remain  equally  sensitive  at  all  scatter¬ 
ing  angles. 
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Pnoee  Conversion  Foe  tor  [deg/mlcron  ] 
20.0  3e.0  40.0  50.0  60.0  70.0  00.0 


20.0  30.0  40.0  50.0  60.0  70.0  00.0 


Of f-o*  U  ongle  [deg] 

a)  SPDA 


Phase  Conversion  Foe  tor  [deg/mlcron  ] 


^  ffeen  El evot Ion  ongle  [deg] 

b)  SPDA 

Figure  4:  Maps  of  iso-phase  conversion  factor 
(o/ 2=6.77°,  m=1.333) 

3.2  Computations  According  to  GLMT 

Further  computations  have  been  performed  with 
the  Generalized  Lorenz-Mie  Theory  (GLMT),  de¬ 
scribed  by  Gouesbet  et  al.  (1991),  where  earlier  refer¬ 
ences  may  also  be  found. 

With  some  optimization  of  the  receiving  mask,  re¬ 
sults  like  those  shown  in  Fig.  5  have  been  obtained 
for  the  phase/diameter  relations,  the  signal  inten¬ 
sity  and  the  signal  visibility.  These  calculations  were 
performed  for  a  small  size  range,  nominally  0-40pm. 
Therefore  the  short  focal  length  transmitting  lens  was 
used  (/=  160mm)  to  achieve  a  higher  light  intensity 
in  the  measurement  volume.  Fig.  5  indicates  that 
measurements  up  to  40pm  should  be  achievable,  with 
very  linear  behaviour  of  both  the  SPDA  and  PPDA 
phase/diameter  relations.  One  exception  is  the  PPDA 


behaviour  for  small  particles,  which  is  well  known  from 
Aizu  et  al.  (1993).  In  this  range  the  SPDA  must  be 
used  for  the  size  measurement.  Similar  results  could 
be  obtained  for  m  — 1.1  and  1.6  as  well  as  for  a  medium 
size  range,  D  <  240pm  (see  Table  2).  At  m=l.l.  al¬ 
though  a  scattering  angle  of  d>s=25°  was  used,  there 
was  still  some  deviation  of  the  phase/diameter  relation 
from  the  G  O.  result,  calling  for  special  treatment  in 
the  processing  software. 


Dual  Mode  System.  Planar(5l4.5  nm).  Standardise  nm) 


Figure  5:  GLMT  computations  of  the  phase  diameter 
relation:  m  =  1.333,  4>s  =  $p  =  30°. 

One  essential  feature  of  the  DM-PDA  is  to  elimi¬ 
nate  the  trajectory  effect.  This  is  illustrated  in  Fig.  6, 
in  which  the  spatial  distribution  of  the  SPDA/PPDA- 
phase  ratio  is  mapped  as  a  function  of  the  position  of 
the  droplet  center  in  the  measurement  volume.  These 
computations  have  been  carried  out  for  a  40pm  wa¬ 
ter  droplet  and  for  an  optical  arrangement  similar  to 
tat  used  in  section  3.1.  Droplets  passing  through  the 
measurement  volume  parallel  to  the  Y-axis  (trajectory 
A  in  Fig.  6  will  yield  a  constant  SPDA/PPDA-phase 
ratio  over  the  positive  y  half  of  the  control  volume  At 
negative  y  positions,  this  ratio  will  vary  from  the  ex¬ 
pected  values  according  to  refractive  dominated  scat¬ 
tering.  Assuming  however,  that  the  phase  differences 
are  determined  from  those  portions  of  the  signal  hav¬ 
ing  the  maximum  amplitude,  a  correct  size  measure¬ 
ment  will  be  made  Should  a  droplet  pass  through 
the  volume  at  a  glancing  angle  or  parallel  to  the  X- 
axis,  but  at  a  negative  y  position  (trajectories  B  or 
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C  in  Fig.  6),  the  SPDA/PPDA  phase  ratio  will  devi¬ 
ate  from  the  expected  value  and  will  not  be  validated 
This  validation  step  consists  essentially  of  only  accept¬ 
ing  measurements  for  which  the  size  determined  using 
the  SPDA  agrees  with  the  size  determined  using  the 
PPDA,  within  tolerance  limits.  Note  that  the  vali¬ 
dation  also  effectively  reduces  the  y  dimension  of  the 
measurement  volume. 


C  B 


Y  [micron*] 


[  micro**  ] 


Figure  6:  Iso-maps  of  a)  SPDA/PPDA-phase  ratio  and 
b)  SPDA  signal  intensity  for  40pm  water  droplet. 


4  Experimental  Verification 

Whereas  the  computations  have  been  performed 
for  a  system  based  on  a  commercial  PDA  fiber  probe, 
the  initial  experimental  verification  was  carried  out  for 
a  laboratory  set-up.  The  specifications  of  this  system 
are  summarized  in  Table  3. 


Planar  Standard 


Wavelength  [nm] 

514.5 

488.0 

Front  Lens  [mm] 

310.4 

310.4 

Beam  Spacing  [mm] 

21.68 

21.68 

Half  Beam  Angle  [deg] 

2 

o 

MV  Diameter  [pm] 

130 

125 

Receiving  Lens  [mm] 

310.4 

310  4 

Scattering  Angle  [deg] 

0 

30 

Elevation  Angle  1  [deg] 

31.85 

5.063 

Elevation  Angle  2  [deg] 

28.15 

-5.063 

Phase  Factor’  [deg/pm] 

1.225 

6.942 

Phase  Factor  Ratio’  [-] 

5.67 

*  for  m=  1.333 


Table  3:  Specifications  of  DM-PDA  for  experimental 
verification. 

To  study  the  DM-PDA  in  more  detail,  a  4-channel 
transient  recorder  was  used  to  record  the  signals  from 
each  of  the  four  photodetectors(  APD).  It  was  then  pos¬ 
sible  to  track  the  phase  difference  of  the  SPDA  and 
PPDA  subsystems  as  the  droplet  traversed  the  mea¬ 
surement  volume.  This  was  done  using  a  zero  crossing 
detector. 

In  Fig.  7  the  results  of  such  an  analysis  for  a  66pm 
water  droplet  crossing  parallel  to  the  Y-axis  is  shown. 
The  y  position  is  shown  as  traversing  time  with  an  ar¬ 
bitrary  origin.  This  figure  indicates  that  the  portion 
of  the  burst  with  the  maximum  amplitude  also  yields 
an  SPDA/PPDA  size  ratio  of  approximately  one.  and 
that  the  size  determined  at  this  position  agrees  well 
with  the  actual  droplet  diameter  (63pm  vs.  66pm). 
The  portions  of  the  signal  used  to  determine  the  par¬ 
ticle  size  are  designated  in  Fig.  7b  and  correspond  to 
the  maximum  signal  amplitude. 

In  Fig.  8  similar  results  are  shown  for  a  64pm  water 
droplet  traversing  parallel  to  the  X-axis,  the  first  dia¬ 
gram  corresponding  to  an  invalid  trajectory  for  which 
the  SPDA/PPDA  size  ratio  does  not  equal  one  and  the 
second  diagram  resulting  in  a  valid  measurement  with 
good  agreement  to  the  expected  size  (61pm  vs.  64pn>  t 
The  results  in  Fig.  8a  show  a  situation  in  which  the 
PPDA  phase  is  very  close  to  the  2 x  size  period  of  the 
SPDA,  causing  sudden  jumps  in  the  size  ratio  for  small 
variations  in  phase. 
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size  ratio  (S/P)  phase  difference  signal 


0E+0  IE-5  2E-5  3E-5  4E-S 

time 

a)  Doppler  signal  and  envelopes 


0.4  ti-J- 
0E+0 


OOOOO  Planar 
i « *  f  1 1  Standard 


2E-5  3E-5 

time 


PPDA:  D,=  133.lMtn 


0E+0  IE-5  2E-5  3E-5  4E-5 

time 

b)  SPDA  and  PPDA  phase  difference 


0E+0  IE-5  2E-5  3E-5 

time 

c)  SPDA/PPDA  size  ratio 


Figure  7:  Signal  analysis  for  a  66#ttn  water  droplet 
traversing  parallel  to  Y-axis 
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Figure  8:  Signal  analysis  for  a  64/im  water  droplet 
traversing  parallel  to  X-axis:  a)  negative  y  value  (in¬ 
valid);  b)  positive  y  value  (valid). 
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5  Conclusions  and 
Final  Remarks 

A  novel  PDA  optical  arrangement  has  been  intro¬ 
duced  with  the  aim  of  eliminating  the  trajectory  ef¬ 
fect,  thus  improving  concentration  and  mass  flux  mea¬ 
surements.  Initial  design  work  indicates  that  suitable 
layouts  can  be  found  to  meet  these  requirements  for 
particles  in  a  wide  range  of  relative  refractive  indexes. 
Validation  in  the  system  consists  of  comparing  the 
measured  size  using  a  standard  PDA  system  with  the 
simultaneous  size  measurement  of  a  planar  PDA  sys¬ 
tem.  The  system  offers  the  advantage  of  combining  the 
SPDA  and  PPDA  in  one  receiving  unit,  thus  simplify¬ 
ing  alignment.  The  dual  mode  PDA  has  been  demon¬ 
strated  in  a  laboratory  set-up,  in  which  the  elimination 
of  the  trajectory  effect  was  confirmed.  The  modifica¬ 
tions  to  a  standard  2D  PDA  to  implement  the  DM- 
PDA  appear  to  be  minor  and  are  presently  being  un¬ 
dertaken  with  commercial  equipment. 

The  authors  wish  to  acknowledge  the  financial  sup¬ 
port  of  the  Commission  of  the  European  Communities 
and  the  French  and  German  governments  through  the 
PROCOPE  program. 
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ABSTRACT 

In  the  phasc-Dopplcr-ancmomctry  the  diameter  of  a  particle 
can  be  calculated  from  the  measured  phase  difference  of  two 
signals.  The  phase  response  is  given  hy  the  Loren  z-Mic  theory. 
For  particles  less  than  about  10  pm  this  correlation  is 
nonlinear  but  oscillating  so  that  one  phase  difference  can  result 
from  several  diameters.  Some  FDA  systems  solve  this  problem 
by  the  use  of  three  or  more  detectors.  Here,  two  evaluation 
methods  will  be  presented  which  can  correct  the  measured 
particle  size  distributions  in  an  appropriate  way. 

Ibe  first  method  is  based  on  the  assumption  that  the  density 
distribution  of  the  particle  size  has  the  form  of  a  parametric 
continuous  distribution.  The  parameters  are  calculated  with  a 
least-squares  mctliod.  The  criterion  is  that  the  phase  density 
distribution  calculated  from  the  presumed  distribution  must  fit 
to  the  measured  phase  density  distribution. 

The  second  method  is  based  on  the  phase  response  resulting 
from  Mic-calculalions,  too.  Because  this  correlation  is  not 
single -valued  all  possible  diameters  should  be  cquiprobahlc  for 
each  phase  difference  With  this  condition  a  particle 
distribution  is  calculated  in  which  each  phase  difference  is 
attributed  to  all  possible  diameters.  Both  methods  are 
compared  with  each  other  and  with  lighf-scattcring- 
measurements. 


I  INTRODUCTION 

The  phasc-DoppIcr-ancmomelry  is  a  modem  method  for 
simultaneous  measuring  of  the  size  and  the  velocity  of 
spherical  particles.  'Ibis  measuring  method  is  an  cslcntion  of 
the  laser-Doppler-anemomctry  which  allows  the  measurement 
of  the  velocity  only.  The  I  .DA  is  cxtcmlcd  at  least  with  one 
additional  photodctcclor  for  delecting  the  particle  diameter. 
Ihc  diameter  of  the  particle  is  then  calculated  from  the  phase 


difference  of  these  signals  Ihc  correct  optical  setup  is  one  of 
Ihc  major  problems  with  this  measuring  method  In  the  best 
ease,  the  setup  should  result  in  a  linear  relation  between  phase 
difference  and  particle  diameter.  Ibis  condition  can  be 
realized,  if  one  mechanism  of  light  scattering  dominates  Ihc 
others.  Ibis  means  either  reflexion  or  refraction  or  diffraction 
dominates.  It  is  usually  not  possible  to  gel  such  a  linear  phase 
response  for  particles  below  5  -  10  pm  with  commercial  FDA- 
equipement.  In  this  size-region  Ihc  phase  response  is  nonlinear 
and  oscillating  so  that  one  phase  difference  can  result  from 
several  particle  diameters.  'Ibis  leads  to  a  broadening  of  the 
size  distribution  in  the  ease  of  evaluation  with  a  linear 
approximation. 

Trevinos  solutions  of  this  problem  use  additional 
pholodclcctors  1 1 )  what  is  coupled  with  extra  costs  and 
additional  hard-  and  software.  We  have  developed  two 
evaluation  methods  which  allow  a  correction  of  the  measuring 
results  The  first  method  is  based  on  the  assumption  of  a 
parametric  distribution  for  the  particle  size  distribution.  The 
parameters  of  this  distribution  arc  calculated  by  a  least-squares 
method  and  lead  to  sufficient  values  for  Ihc  mean  diameter  and 
the  standard  deviation  of  a  particle  size  distribution.  'Ihc 
second  method  presumes  the  cquiprohability  of  all  possible 
particle  diameters  for  each  phase  difference.  Ibis  method  leads 
In  results  which  arc  comparable  with  those  from  computations 
with  a  linear  phase  response  as  it  is  known  from  the 
geometrical  optics.  Both  methods  arc  compared  with  optical 
particle  counter  measurements 


2  MATHF.MATICAI,  FUNDAMI-NTALS 

'Ibis  section  will  be  concerned  with  Ihc  description  of  two 
mathematical  methods  which  arc  used  for  Ihc  particle  size 
analysis.  'Ibese  arc  the  parametric  continuous  distribution 
method,  which  assumes  a  parametric  and  continuous 
distribution  for  the  particle  sizes,  and  the  cquiprohability 
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method,  which  assumes  the  equiprobahility  of  all  possible 
particle  diameters  for  each  phase  difference.  Two  variants  are 
possible  for  the  parametric  continuous  distribution  method. 
The  first  one.  the  probability  density  function  method,  is  a 
poinlwisc  evaluation  and  the  second  one.  the  probability 
method,  is  an  integral  evaluation. 

2  1  The  Parametric  Continuous  Distribution  Method 

We  consider  the  continuous  random  variables  $  and  a, 
where  $  is  a  continuous  function  of  a: 

♦  =  ♦(*);  teC^.a^])  (1) 


F:igure  1:  Probability  Density  Method 


If  <pt  j >  is  a  monotonic  function  we  obtain 


?♦<♦)  =  P,[a(4)]a'(4) 


for  the  direct  problem  and 


Pi(a)  =  P«[Wa)]*'(a) 


The  probability  method  is  based  on  the  probability  with 
which  the  random  variable  $  occurcs  in  the  interval 

AN(4>,  <4  <*,) 

P0J>,  <<.<«!>,)  =  — - Iil=h(4.,.0j)  = 

N 

♦,  N,  V,  (6) 

=  jp,(t|»d<t>=  £v(q)  } p„(a)da 


for  the  inverse  problem. 

In  this  ease  of  phasc-Doppler  anemomclric,  we  desired  to 
compute  the  inverse  problem  which  is  the  calculation  of  the 
probability  density  function  (PDF)  pa(a)  respcctivley  the 
particle  size  distribution  for  a  measured  PDF  p,(+)  of  the 

random  variable  $  (the  phase  distribution).  In  the  ease  of  a 
monotonic  function  ♦=  ♦(a)  the  evaluation  of  the  direct  and 
of  the  inverse  problem  is  possible.  Since  4(a)  is  a 
nonmonotonic  function  in  our  case  of  application,  we  can 
evaluate  p,(4)  from  a  given  PDF  pa(a)  only.  Thus  we  have  to 

assume  a  particle  size  distribution  resp.  a  PDF  pa(a),  compute 
the  corresponding  PDF  p,($)  and  compare  the  calculated  and 
the  measured  p#(4)  Two  algorithms  for  this  regression  arc 
available.  The  first  one  operates  with  the  probability  density 
function  and  the  second  one  with  the  probability  of  the  random 
variable  4  . 

We  introduce 

S»  =  {ak(*)  k  =  M*)  =  l  Nk  /♦(«„)  =  ♦}  (4) 


V  ={*,<♦.■♦* >•  q  =q(W  =  >  N,}  =  S.,  uS*  O) 

is  the  ordered  set  of  solutions  for  the  equation  4Ka)  —  and 
4(a)  =  4}-  This  is  plotted  in  Fig.  2.  The  function  v(q)  is  a 
validation  function  and  is  given  by 


if  ((b,  «=sjA(bq, ,€S»J) 

V  ((**q  €  )  A  (b, ,  |  €  St|  )) 

K*v«6SJa 

f(»yb,.i*sJA 

W[b,-*Vi])c[<t>.  *2]) 


for  the  PDF-method  as  the  set  of  solutions  for  the  equation 
♦(a)  =•  4  if  4  is  fixed.  Then  we  find  in  each  point  4j,  as  ist  is 

shown  in  Fig.  1 


18.4.2. 


(12) 


The  computer  code  developed  for  this  calculations  has  two 
input  parameters:  the  number  of  classes  in  the  phase  domainc 
and  the  increment  of  the  particle  diameter  Aa  l;or  a  given 
phase  distribution  between  and  we  compute  the 

maximal  searching  interval  [a^.a^J  with 


a"-n  =  k[^in  ){ak(^min)} 


0?) 


The  inverse  problem  can  be  resolved  if  the  form  of  the  PDF 
p,(a)  is  apriori  accepted.  We  assume  the  PDF'  of  the  particle 
size  as  a  parametric  continuous  function  p,(a.x„).  The 
parameters  xa  of  this  function  arc  calculated  with  a  least- 
squares  method.  This  leads  to  a  phasc-PDF  or  a  phase- 
probability  histogram  calculated  from  the  presumed 
distribution  which  Fits  to  the  measured  phase  associated 
functions  as  follows: 


=  1 

;-t 


(9). 


M*.>  =  £ [h(*r  = 


=  £ 

M 


*(♦/•♦>.!  )-Zk?)  IHa’x«lda 

(10). 


Here,  the  assumed  PDF  is  a  combination  of  two  Gaussian  PDF 
and  is  defined  as: 


p,(a.a.0l.02)  = 


V2n(o,  +o2) 
'  I. 
e 


(.-*)' 


Jo? 


e{a-a)  +  c  201  0(a-a) 


(11). 


The  mean  value  of  the  random  variable  a  in  the  PDF'  (II)  is 
given  by 


Then  for  each  interval  of  particle  diameters 

««  =  WP)  =  [a  -  3o,.a  +  3o2]  C  [a^,  ,a„  ] 
I=mAa;  3ri|  =  nAa:  3o2  =  pAa;  m.n.peN 


the  functions  (9)  or  (10)  will  be  evaluated  The  parameters  of 
the  distribution  parameters  assure  the  minimum  of  the 
functions  L,  respcclivley  l.2  . 

The  probabilty  density  function  p,($)  is  approximated  hy 
the  measured  frequency  density  of  the  random  variable  $  .  A 
realistic  approximation  of  the  PDF  requires  a  great  number  of 
data  points  and  a  Tine  grid  for  the  phase  domain  so  that  the 
phase  oscillations  are  coiTcctly  pursuited.  The  PDF-method  is 
practically  a  pointwisc  method  and  leads  to  sufficient  results 
for  rightsize  distributions. 

This  method  was  tested  with  a  particle  size  distribution 
(a  =  2pm.  O,  =  0.2pm.  o2  =  0.4pm)  for  water  droplets.  We 
used  the  phase  response  for  a  planar  PDA  layout  given  by 
Naqwi  |l)  as  shown  in  Fig.  3.  This  planar  layout  allows  to 
obtain  large  phase  shifts  from  small  particles  while 
maintaining  small  angles  between  the  laser  beams. 


Figure  3:  Phase  Response  for  the  Planar  PDA  l.aynut  1 2| 
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The  phase  distribution  was  calculated  from  the  particle  sire 
distribution  with  this  phase  response  and  then  taken  as  an 
input  distribution  for  the  I’DF-mclhod.  As  a  result  the  mean 
square  deviation  of  the  input  size  distribution  and  the  detected 
one 

<^p  =  J[pinp«(a)- P*.(a)]2<la  (15) 


is  plotted  in  Pig  4.  The  results  which  we  have  obtained  with 
the  POP -method  arc  generally  satisfactory  for  a  large  number 
of  classes  in  the  phase  domain  and  small  increments  of 

particle  diameters  Aa.  The  detected  distribution  for  N(  =  40 
and  Aa  =  0  1 1 6pm  was 
a  =  2  pm;  O,  =0  185pm.  a j  =0.4 16pm 


Figure  4:  Mean  Square  Deviation  of  the  Input  Size 
Distribution  and  the  Detected  Distribution 


ITic  probability  (P)  method  is  based  on  the  relative 
frequency  of  the  random  variable  4  and  can  be  considered  as 
an  integral  method  which  leads  to  sufficient  results  even  for  a 
rough  division  of  the  phase  domain.  For  the  analysis  with  the  P 
method  we  have  considered  a  standard  optical  layout  of  a  PDA 
system  with  a  large  angle  between  the  laser  beams.  The  phase 
response  for  water  droplets  was  computed  with  a  MIR 
computer  code  which  was  developed  for  axissymclrically 
particles  in  the  generalized  l>orcnz-Mic  theory.  We  have 
obtained  identical  results  for  spherical  paridcs  with  the 
SIR  lit  J 1 2]  computer  code  which  is  shown  in  Fig. 5. 

The  example  input  distribution  has  the  parameters 
1=  2  Ipm.o,  =05pm;o2  =  0.5pm.  The  particle  size 

distribution  computed  with  a  linear  response  characteristic 
leads  to  a  delected  size  distribution  which  is  broader  than  the 
input  distribution.  This  effect  docs  not  have  a  great  importance 
if  the  size  distribution  corresponds  to  the  whole  interval  of 
analysis. 


In  this  case  the  linear  method  and  the  probability  method  both 
lead  to  appropiate  results  If  the  size  distribution  is  tight,  the 
influence  of  the  particularity  of  the  phase  response  becomes 
significant  and  the  standard  deviation  of  the  distribution 
detected  by  the  linear  method  is  different.  Fig  6  shows  the  size 
distribution  which  was  computed  with  the  probabilty  method 
There  is  a  good  correspondence  to  the  input  distribution 


2.2  The  F.quiprobablc  Distribution  Method. 

We  build  the  size  probability  function  for  each  measured 
phase  difference 


(♦<•)  ♦)* 

p,(a.^)  =  -r 1 — c  In‘  $'(a) 

V  2no, 

so  that  the  PDF  p,(a)  can  be  computed  as  follows: 


(K>) 
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7  -  -  with  results  from  the  optical  particle  counter 

r.<a>=  Jp.eMp.u.fM  (17) 


in  equation  (16)  the  standard  deviations  of  the  uncertainties  of 
the  phase  measurements  arc  represented  by  c4 .  These 

parameter  should  be  set  to  the  estimated  experimental 
uncertainties  in  the  phase  measurements  so  that  the  process  of 
computing  the  probability  function  will  be  realistic.  We  use 
<r4  — >  0  as  a  first  approximation.  Then 

P,(a.+)  =  8[4>(aM)  4>'(a)  (18). 

With  the  assumption 

*[♦(8) - ♦]  ♦'(a)  =  -J—  £  8[a-ak($)]  (19) 

Nk  k(»)  I 

we  can  consider  a  as  a  discrct  random  variable  with  the  values 
a,  =  ak(«j)  j=  I -  N4:  k  =  k<^)v=  I..Nk;  *=1.2...  (20) 

and  the  associate  probabilities 


With  this  assumption  the  particle  size  distribution  is  calculated 
in  which  each  phase  difference  is  attributed  to  all  possible 
diameters.  l:or  each  phase  diffrencc  we  consider  that  all 

roots  of  the  equation  $(a)  =  arc  cquiprobable  with  the 
pmbabilly 


3.  Am  .JCA  IION  TO  DROPLET  SIZE  MEASUREMENT 

Our  application  of  the  phase -Dopplcr-ancmomc try  is  the 
measurement  of  the  size  and  the  velocity  of  water  droplets  in  a 
experimental  setup  for  the  separation  of  fine  particles  by 
heterogeneous  condensation.  In  this  experiments  we  like  to 
measure  the  size  of  the  droplets  at  any  point  within  the  cross 
section  of  the  glass  tube.  In-situ  measurement  is  absolutely 
necessary  because  sampling  would  cause  additional 
evaporation  or  condensation  and  change  the  diameter  of  the 
droplets.  We  measured  with  an  optical  particle  counter  so  far 
which  allowed  the  measurement  in  the  centre  of  the  tube  only. 
But  this  is  not  satisfactory  because  mass  balances  arc  only 
possible  if  the  mass  flow  over  the  entire  cross  section  can  be 
measured  Eor  this  reason  we  developed  the  described 
evaluation  methods.  Those  allow  the  measurement  of  the 
droplet  sizes,  which  arc  between  1  and  10  ftm.  ant  any  point 
within  the  tube.  Additionally  we  can  compare  the  distribution 


Figure  7:  Application  of  the  Evaluation  Methods  to 
Droplet  Measurement 

Fig.  7  shows  a  typical  measurement  result  from  the  described 
condensation  experiments.  The  commercial  PDA-softwarc 
evaluates  the  phase  data  with  a  linear  method.  In  the  ease  of 
small  droplets  and  oscillations  of  the  phase  response  this  leads 
to  a  broadening  of  the  particle  size  distribution  Ihc  use  of 
such  distributions  for  mass  balances  is  problematic  Fig  7 
compares  the  described  evaluation  methods  with  an  optical 
particle  counter  measurement.  It  is  obvious  that  the 
cquiprobable  evaluation  leads  to  the  same  results  as  the  linear 
method.  This  is  because  the  phase  response  oscillates  around 
the  linear  approximation  The  best  result  is  obtained  with  the 
probability  method.  The  broadening  of  the  size  distribution 
can  be  corrected  and  the  method  gives  correct  amounts  for  Ihc 
droplet  mean  diameter  and  the  standard  deviation  of  the  size 
distribution.  This  amounts  arc  within  the  accuracy  of  the 
optical  particle  counter.  The  probability  density  mclliod  leads 
to  similar  results  if  the  number  of  classes  is  sufficient.  But 
because  this  is  a  pointwisc  method  a  lot  more  than  40  classes 
arc  necessary  'thus  the  probability  method  is  the  best  one  for 
practical  application 
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ABSTRACT 

In  this  study,  the  period- doubling  (subharmonic  cas¬ 
cade)  route  to  chaos  is  investigated  for  a  swirling  flow  in 
an  open  cylindrical  container  driven  by  a  rotating  bottom 
disk  after  vortex  breakdown  has  occurred.  A  glycerine- 
water  mixture  with  about  85%  glycerine  in  volume  was 
used  as  the  testing  fluid.  A  non-intrusive  optical  method 
by  using  laser-Doppler  velocimetry  was  used  to  investigate 
the  physical  characteristics  of  the  swirling  flow  transition 
from  the  laminar  to  the  turbulent  regimes.  Measurements 
were  made  for  the  circumferential  velocity  component  with 
one  of  the  parameters  of  the  aspect  ratio  (height  to  ra¬ 
dius)  fixed  at  2.  The  other  relevant  controlled  parameter 
was  the  Reynolds  number,  which  was  allowed  to  vary  by 
adjusting  the  rotating  speed  of  the  bottom  disk.  Results 
depicted  that  the  flow  was  steady  when  the  Reynolds  num¬ 
ber  was  below  1850.  The  onset  of  periodic  flow  was  found 
when  the  Reynolds  number  ranged  from  1850  to  1900.  As 
the  Reynolds  number  was  increased  to  a  value  between 
2100  and  2200,  the  flow  was  subharmonically  bifurcated 
into  a  period- doubling  motion.  The  flow  bifurcated  again 
through  a  subharmonic  cascade  mode  with  four  peaks  as 
observed  in  the  power  spectra  diagrams  when  the  Reynolds 
number  reached  between  2300  and  2400.  With  a  further 
increase  in  Reynolds  number,  the  flow  finally  became  a 
chaotic  motion. 

1.  INTRODUCTION 

A  swirling  flow  in  cylindrical  containers  (closed  or 
open)  with  a  rotating  bottom  disk  as  the  endwall  is  an 
advantageous  model  for  investigating  the  phenomenon  of 
a  vortex  structure  and  its  breakdown.  The  superiority  of 
studying  a  vortex  break  in  a  rotating  container  flow  to  in¬ 
vestigating  those  commonly  observed  in  delta  wing  trailing 
vortices  (Peckham  it  Atkinson,  1957)  or  swirling  vortex 
tubes  (Sarpkaya,  1971)  lies  in  its  lower  Reynolds  number 
and  aspect  ratio.  The  aspect  ratio,  As  =  H / R,  is  defined 
as-the  ratio  of  the  height  of  the  fluid  in  the  container  above 
the  bottom  disk,  H ,  to  the  inner  radius  of  the  container, 
R.  The  rotating  speeds,  ft,  are  adjusted  to  obtain  various 
Reynolds  numbers,  Re  =  /?2ft/ u,  where  v  is  the  kinematic 
viscosity  of  the  working  fluid.  Due  to  its  technological  rele¬ 
vance,  the  study  of  a  swirling  flow  in  a  cylindrical  container 


has  drawn  tremendous  attention  from  both  experimental¬ 
ists  and  numerical  modeller? 

In  the  category  of  a  closed  rotating  disk-cylinder  flow 
system,  Vogel  (1968)  and  Escudier  (1984)  were  the  pioneers 
in  conducting  flow  visualization  experiments  to  establish 
the  boundaries  of  steady  separation  vortices  in  a  parame¬ 
ter  space  by  using  the  laser-induced  fluorescence  technique. 
One,  two,  or  three  steady  breakdown  bubbles  on  the  rotat¬ 
ing  axis  were  observed.  On  the  other  hand,  Ronnenberg 
(1977)  used  laser-Doppler  velocimeter  to  perform  detailed 
measurement  of  flow  structure  for  the  case  of  one  vortex 
breakdown  bubble.  The  undulating  flows  were  also  re¬ 
ported  for  higher  Reynolds  numbers.  From  these  results, 
the  regimes  for  steady  and  unsteady  vortex  breakdown  were 
classified  according  to  the  system  parameters  of  Reynolds 
number  and  aspect  ratio.  Recently,  Roesner  (1990)  re¬ 
examined  the  salient  features  of  the  recirculation  bubbles 
for  a  wide  range  of  nondimensional  parameters.  What  dis¬ 
tinguished  Roesner’s  findings  from  those  of  previous  studies 
was  the  existence  of  vortex  breakdown  under  the  unsteady 
or  nonsymmetric  modes  for  the  onset  of  secondary  flows. 
With  the  advent  of  computer  technology,  numerical  solu¬ 
tions  of  finite  geometry  using  the  Navier-Stokes  equations 
under  the  assumption  of  an  axially  symmetric  characteristic 
of  the  flow  were  undertaken.  For  example,  Lugt  and  his  col¬ 
laborators  (1982,  1987)  mainly  confirmed  the  steady  vortex 
bubbles  observed  from  experiments,  although  some  oscillat¬ 
ing  vortex  cells  were  found.  A  similar  steady  and  unsteady 
numerical  simulation  of  recirculation  bubbles  of  a  vortex 
breakdown  was  also  performed  by  Neitzel  (1988).  Lopez 
and  his  collaborators  (1990a,  1990b,  1992)  also  simulated 
the  steady  as  well  as  periodic  modes  of  vortex  breakdown 
for  .As=2.5  with  Re  up  to  4000.  To  illustrate  the  chaotic 
behaviors,  the  concept  of  Lagrangian  chaotic  advection  was 
introduced.  Daube  <fc  Sorensen  (1989)  also  found  a  criti¬ 
cal  Reynolds  number  (Rec=  2400  ±  15)  for  the  criterion 
to  distinguish  the  steady  and  unsteady  vortex  breakdown 
with  As=2.  When  Re  reached  as  high  as  5000,  oscillatory 
flow  still  prevailed.  Besides  the  critical  Reynolds  number, 
they  also  reported  findings  for  the  period-doubling  phe¬ 
nomenon  as  well  as  a  hysteresis  effect  on  the  frequency  of 
periodic  oscillations.  Young  <£r  Liao  (1991)  even  extended 
Re  to  as  high  as  Re=  10000  and  revealed  the  highly  chaotic 
characteristics  of  a  flow  field  through  a  supercritical  Hopf 
bifurcation  process. 
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As  far  as  an  open  cylindrical  container  with  a  rotat¬ 
ing  disk  is  concerned,  only  a  very  few  studies  are  avail¬ 
able  to  the  knowledge  of  the  writers.  Spohn  et  al.  (1993) 
conducted  a  thorough  investigation  with  a  glycerine-water 
mixture  via  the  Sow  visualization  technique  to  establish 
a  vortex  breakdown  diagram  similar  to  Escudier’s  closed 
system.  They  found  that  when  the  aspect  ratio  was  less 
than  2.S,  the  Sow  became  unsteady  as  the  Reynolds  num¬ 
ber  reached  a  critical  value  of  2200.  Similar  trends  were  also 
found  by  Lin  (1992).  Hyun  (1985)  carried  out  a  numerical 
calculation  of  an  open  tank  with  a  free  surface  driven  by  a 
rotating  bottom.  No  evidence  for  the  formation  of  vortex 
breakdown  was  found  for  the  case  of  As=0.5  and  /?e=100, 
however.  Lin  (1992)  also  extended  his  numerical  simulation 
to  the  conditions  of  As=2.0  and  Re=  1325  and  found  one 
steady  vortex  breakdown,  which  compared  favorably  to  his 
experimental  results.  Two  steady  separating  vortex  bub¬ 
bles  were  simulated  by  Young  dr  Liao  (1992)  when  As=1.0 
and  /Ze=1000  was  adopted.  Both  experimental  measure¬ 
ments  and  numerical  simulations  also  indicated  that  the 
free  surface  had  a  destablizing  effect,  in  that  it  promoted 
the  onset  of  periodic  flows  and  chaotic  motions. 

Observation  of  the  filling  and'  emptying  processes  of 
the  vortex  breakdown  bubbles  conducted  in  flow  visualiza¬ 
tion  experiments  in  general  precluded  measuring  quantita¬ 
tively  the  unsteady  coalescence  and  separation  of  the  vortex 
structure  as  Re  became  higher  and  higher.  This  drawback 
was  overcome  by  the  introduction  of  an  optical  measure¬ 
ment  method  using  laser-Doppler  velocimetry  (LDV).  The 
non-intrusion  and  non-interference  of  the  flow  field  made 
LDV  very  suitable  for  this  study,  since  any  ascertainable 
disturbance  introducing  any  antifact  of  hydrodynamic  in¬ 
stability  in  our  swirling  system  would  be  minimized.  LDV 
also  has  a  relatively  small  measuring  volume  and  offers  pre¬ 
cise  measurement  for  the  velocity  component  with  a  proper 
optical  arrangement.  Further,  the  LDV  system  has  very 
high  frequency  response  compared  to  the  characteristic  fre¬ 
quency  of  the  flow  motion  in  the  present  study.  Unlike  the 
axisymmetric  vortex  breakdown  numerical  models  and  flow 
visualization  techniques  (Lugt  ic  Haussling,  1982;  Neitzel, 
1988),  LDV  provides  more  accurate  detection  of  the  flow 
field,  as  far  as  the  unsteady  and  asymmetric  characteristics 
of  higher  Reynolds  number  swirling  flows  were  concerned. 
In  the  meantime,  the  measured  velocity  field  enables  us  to 
study  the  flow  transition  from  the  laminar  to  the  turbulent 
regimes.  Therefore,  the  purpose  of  this  study  was  to  in¬ 
vestigate  the  transient  process  from  a  steady  laminar  flow 
to  chaotic  motion  and  the  associated  route  to  chaos  for  a 
swirling  vortex  flow  in  an  open  cylindrical  container  with  a 
rotating  bottom. 

2.  EXPERIMENTAL 
2.1  Experimental  Set-up 

The  schematic  diagram  of  the  experimental  set-up  is 
shown  in  Fig.  1.  A  perspex  cylindrical  container,  with  an 
inner  diameter  of  184  mm,  thickness  of  8  mm  and  height 
of  563  mm,  measuring  from  the  bottom  disk,  was  fixed  on 
a  flat  perspex  plate,  which  had  a  size  of  550  x  470  mm. 


The  plate  was  mounted  on  a  table  through  six  steel  rods. 
The  cylindrical  container  was  surrounded  by  a  rectangular 
tank,  which  was  also  fixed  on  a  bottom  plate  with  inner 
dimensions  of  420  x  320  x  600  mm.  The  region  between 
the  test  section  of  the  cylindrical  container,  and  the  rectan¬ 
gular  tank  was  filled  with  water.  The  water  temperature  is 
kept  constant  within  ±0.1°C  by  using  a  constant  temper¬ 
ature  bath.  A  perspex  plate  was  utilized  as  a  cover  to  close 
the  rectangular  tank  and,  in  the  meantime,  to  prevent  the 
testing  fluid  from  coming  in  contact  with  ambient  air.  A 
rotary  bottom  disk  with  a  diameter  of  182  mm,  also  made 
of  perspex,  had  a  clearance  of  1  mm  to  the  container  wall. 
The  disk  was  driven  by  a  1/4  Hp  DC  motor  connected  to 
a  worm-gear  reducer  to  adjust  the  rotating  speed.  The  ro¬ 
tating  speed  of  the  bottom  disk,  Q,  was  varied  from  25  to 
500  rpm.  For  the  measurements  of  rotating  speed,  burst 
counts  were  generated  by  an  optical  shaft  encoder  and  fed 
into  a  frequency-to-voltage  counter.  The  voltage  was  then 
compared  with  the  command  voltage  closing  the  loop.  The 
accuracy  for  the  rotating  speed  readout  was  within  ±0.5%. 

A  glycerine-water  mixture  with  85%  glycerine  in  vol¬ 
ume  was  used  as  the  working  fluid.  During  the  measure¬ 
ments,  the  temperature  of  the  surrounding  water  was  kept 
at  25°  C  by  using  a  constant  temperature  bath.  The  dy¬ 
namic  viscosity  and  mass  density  of  the  working  fluid  were 
114.4  cP  (P=g/cm  sec)  and  1.232  g/cm3  with  a  probable 
error  of  0.1  cP  and  0.002  g/cm3,  respectively,  at  the  begin¬ 
ning  of  the  experiment.  Since  the  dynamic  viscosity  of  the 
testing  fluid  was  sensitive  to  the  variation  in  temperature, 
the  value  at  the  end  of  the  experiment  was  carefully  checked 
again.  The  aspect  ratio  was  kept  at  2  in  this  study.  The 


Fig.  1  The  schematic  diagram  of  the  experimental  set-up. 
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controlled  parameter  of  the  Reynolds  number  ranged  from 
1500  to  4000.  Since  we  paid  more  attention  to  temporal 
response  than  to  spatial  variations,  velocity  measurements 
at  a  fixed  position  were  performed.  The  measurement  po¬ 
sition  for  LDV  was  selected  to  be  on  the  meridional  plane 
about  50  mm  above  the  rotating  disk  and  32  mm  from 
the  rotating  axis  of  the  container  and  away  from  the  solid 
boundary  and  the  free  surface. 

2.2  Measurement  "r-?'-hnique 

Dual-beam  lot  ward-scattering  laser- Doppler  velocime- 
try  (LDV)  was  employed  to  measure  the  circumferential  ve¬ 
locity  component.  We  adopted  a  300  mW  Argon-ion  laser 
as  the  light  source  with  an  output  beam  diameter  of  0.82 
mm.  A  green  light  beam  with  a  wavelength  of  514.5  nm 
was  obtained  by  using  an  optical  filter.  The  focusing  lens 
had  a  focal  length  of  350  mm  and  h*tlf  angle  of  3.983°.  A 
2.27X  beam  expander  was  used  to  reduce  the  measuring 
volume  dimensions  and  to  increase  the  signal- to- noise  ratio 
(SNR).  The  dimensions  of  the  ellipsoidal  measuring  volume 
were  estimated  to  be  about  123  fim  in  diameter  and  1.77 
mm  in  length.  A  Bragg  cell,  frequency  shifter,  was  uti¬ 
lised  to  extend  the  measurement  range  for  low  speed  flow 
even  with  a  reversed  flow  and,  further,  to  minimize  the 
fringe  bias  errors.  A  photomultiplier  was  used  as  the  photo 
detector  with  proper  amplification.  One  counter-type  sig¬ 
nal  processor  with  DMA  interface  connected  to  a  personal 
computer  was  then  employed  for  data  acquisition  and  data 
processing.  The  uncertainty  for  the  LDV  optical  and  elec¬ 
tronic  syitem  was  estimated  to  be  less  than  2%. 

Measurements  were  made  for  the  swirling  flow  with 
various  Reynolds  numbers.  For  each  measurement,  5120 
data  were  sampled.  The  typical  sampling  rates  in  this 
experiment  were  from  about  100  to  200  data  points  per 


second,  which  was  much  higher  than  the  characteristic  fre¬ 
quencies  in  the  flows.  In  other  words,  we  had  a  very  high 
Nyquist  sampling  rate  in  this  study.  Since  the  LDV  signals 
were  randomly  sampled,  the  data  recorded  by  the  com¬ 
puter  included  both  the  velocity  information  and  the  dura¬ 
tion  between  data.  The  histograms  were  then  obtained  by 
using  the  above-mentioned  information.  In  order  to  per¬ 
form  spectral  analyses,  the  data  needed  further  processing. 
Equal  time-interval  data  were  retrieved  by  using  a  linear  in¬ 
terpolation  method.  We  employed  4096  points  to  calculate 
the  power  spectra  of  velocity  fluctuation  and  applied  the 
Hanning  window  to  reduce  the  leakage  effect  of  the  Gibbs 
phenomenon. 

3.  RESULTS  AND  DISCUSSION 

In  this  study,  flow  conditions  with  twelve  Reynolds 
numbers  ranging  from  1500  to  4000  were  faciliated.  Figure 
2  shows  the  histogram  of  the  circumferential  velocity  in  a 
clockwise  direction,  which  coincides  with  the  direction  of 
the  rotating  bottom  disk.  In  the  figure,  all  data  are  de¬ 
picted  in  a  duration  of  fifteen  seconds.  The  velocity  power 
spectra  are  shown  in  Fig.  3.  The  diagrams  of  Poincare  sec¬ 
tions  diagrams,  obtained  from  their  phase  planes,  in  which 
x  and  y  coordinates  are  circumferential  velocities  and  their 
associated  accelerations,  respectively,  are  sketched  in  Fig. 

4.  All  Poincare  sections  diagrams  are  plotted  with  the  local 
maxima  of  their  circumferential  velocities  for  a  duration  of 
ten  seconds.  Detailed  descriptions  are  given  below. 

3.1  Steady  Flow 

Figure  2.1  shows  the  histogram  of  the  flow  for  Re  = 
1500,  which  confirms  that  the  flow  field  can  be  regarded  as 
a  steady  laminar  one.  The  power  spectrum  in  Fig.  3.1  only 
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Fig.  3  The  power  spectra  of  circumferential  velocity  with  various  Reynolds  numbers. 


shows  very  low-level  noise  and,  therefore,  characterises  the 
steadiness  of  the  flow  pattern.  The  Poincare  section  dia¬ 
gram  for  a  steady  flow  should  ideally  have  only  one  point. 
However,  the  Poincar4  section  in  Fig.  4.1  provides  other 
neighboring  points  since  it  was  very  difficult  to  obtain  ex¬ 
actly  one  point  as  far  as  this  experiment  is  concerned. 

Results  for  i?e=1850  similar  to  those  for  i?e=1500 
were  obtained.  The  diagrams  of  the  histogram,  power  spec¬ 
trum  and  Poincari  section  are  shown  in  Figs.  2.2,  3.2  and 
4.2,  respectively.  It  can  be  seen  that  the  fluid  motion  still 
maintains  a  laminar  and  steady  regime. 

3.2  Periodic  Flow 

The  sinusoidal  oscillation  of  circumferential  velocity 
was  observed  for  Re— 1900.  The  histogram  in  Fig.  2.3 
reveals  a  periodic  motion  with  a  small  amplitude.  An  iso¬ 
lated  peak  with  frequency  f\  =2.094  Hz  is  clearly  identified 
from  the  power  spectrum  diagram  shown  in  Fig.  3.3.  The 
Poincar4  section  diagram  for  this  periodic  flow  should  also 
theoretically  possess  exactly  one  point.  Nevertheless,  some 
neighboring  points  which  are  similar  to  those  for  steady 
flow  cases  can  be  seen  in  Fig.  4.3.  The  critical  Reynolds 
number  for  the  onset  of  periodic  motion  is  conjectured  to 
be  in  a  range  from  1850  to  1900. 

Under  the  condition  of  aspect  ratio  2,  the  critical  Rey¬ 
nolds  number  associated  with  the  onset  of  periodic  motion 
for  this  measurement  was  found  to  be  much  lower  than 


those  of  previous  studies  by  Escudier  (1984),  who  reported 
about  2500  for  a  closed  container,  and  by  Spohn  et  al. 
(1993),  who  reported  about  2200  for  an  open  container. 
The  free  surface  had  a  destablizing  effect  and  promoted  the 
onset  of  periodic  flows.  Spohn  et  al.'e  results  may  be  at¬ 
tributed  to  the  difficulty  of  exactly  distinguishing  the  crit¬ 
ical  margin  between  steady  and  unsteady  flow  by  using  a 
flow  visualization  method. 

As  the  Reynolds  number  increased  to  2100,  the  peri¬ 
odic  motion  was  more  vividly  observed  from  the  histogram 
as  shown  in  Fig.  2.4.  The  amplitude  of  the  velocity  os¬ 
cillations  increased  gradually.  In  the  power  spectrum  di¬ 
agram  of  Fig.  3.4,  one  peak  is  found  at  a  frequency  of 
^=2.345  Hz  and  is  higher  than  that  of  Re— 1900.  The 
Poincare  section  diagram  in  Fig  4.4  shows  a  similar  trend. 

3.3  Period-doubling  Flow 

For  Re= 2200,  a  distinct  period-doubling  phenomenon 
through  subharmonic  bifurcation  was  observed.  FYom  the 
histogram,  as  displayed  in  Fig.  2.5,  the  period  was  found  to 
be  about  twice  that  for  the  case  of  fle=2100.  The  power 
spectrum  in  Fig.  3.5  shows  two  distinguishable  peaks  at 
/,  =2.473  Hz  and  / i  =  1.255  Hz.  The  value  of /j  is  about 
half  that  of  /i .  From  the  nonlinear  dynamic  system  theory, 
the  Poincare  section  for  this  phenomenon  should  theoret¬ 
ically  have  only  two  isolated  points.  However,  the  result 
for  this  experiment,  as  shown  in  Fig.  4.5,  has  some  extra 
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points.  This  may  be  due  to  the  weak  coherent  relation 
between  the  flow’s  velocity  and  acceleration,  which  are  used 
in  the  phase  plane.  When  the  Reynolds  number  ranged 
between  2100  and  2200,  a  critical  Reynolds  number  should 
have  existed  wherein  the  periodic  motion  bifurcated  into  a 
double-period  motion. 

When  Re  reached  2300,  the  flow  characteristics  were 
the  same  as  those  for  Re= 2200.  The  amplitude  of  oscillat¬ 
ing  velocity  further  increased,  and  the  period  was  almost 
invariant  as  shown  in  Fig.  2.6.  The  power  spectrum,  shown 
in  Fig.  3.6,  also  identifies  two  peaks  at  /i  =2.645  Hz  and 
/ i  =1.322  Hz,  while  fi  is  exactly  half  of  f\ .  These  two  fre- 

3  3 

quencies  are  slightly  higher  than  those  for  f?e=2200.  The 
intensity  of  peak  fi  became  higher  as  Re  increased  and 
eventually  dominated  f\.  The  Poincare  section  in  Fig.  4.6 
reflects  a  similar  trend  to  that  for  Re= 2200. 

3.4  Period-quadrupling  Flow 

A  conspicuous  period-quadrupling  phenomenon  oc¬ 
curred  when  Re  reached  2400.  The  histogram  shown  in 
Fig.  2.7  displays  a  composed  wave  form,  and  the  period 
of  the  motion  is  about  twice  that  for  /2e=2300.  In  addi¬ 
tion  to  the  original  two  peaks,  /i  and  / i,  in  the  power 
spectrum,  two  extra  ones,  / 1  and  fi ,  are  generated.  The 
power  spectrum  in  Fig.  3.7  obviously  shows  these  four 
peaks  with  f\= 2.729  Hz,  /j=2.009  Hz,  /i  =  1.365  Hz 
and  /i  =0.720  Hz,  respectively.  The  values  of  /i  and  /i 
were  also  slightly  higher  than  those  for  .Re=2300.  The  in¬ 
tensity  of  the  peak  at  f\  became  higher  as  Re  increased 
and  eventually  dominated  the  flow.  As  discerned  from  this 
figure,  fi  and  fi  were  about  half  of  and  fi  +  fi,  re¬ 
spectively,  and  the  results  are  in  agreement  with  the  period¬ 
doubling  phenomenon.  Similarly,  the  Poincare  section  di¬ 
agram  in  this  case  should  theoretically  have  only  four  iso¬ 
lated  points.  The  results  as  illustrated  in  Fig.  4.7  are 
approximately  in  agreement  with  the  expected  outcomes 
for  this  case.  For  a  Reynolds  number  in  the  range  between 
2300  and  2400,  there  should  also  exist  one  critical  Reynolds 


number  from  which  the  flow  will  bifurcate  through  subhar¬ 
monic  instability  to  excite  another  double-period  motion. 

When  Re  was  increased  to  2500,  the  histogram,  power 
spectrum  and  Poincare  section  diagrams  were  as  depicted 
in  Figs.  2.8,  3.8  and  4.8,  respectively.  The  four  peaks  shown 
in  the  power  spectrum  are  /t=2.914  Hz,  fi  —  2.137  Hz, 
f  i  =1.438  Hz  and  fi  =0.738  Hz,  respectively.  The  results 
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for  this  case  are  similar  to  those  for  Re— 2400.  Moreover, 
these  four  peaks  also  show  a  slight  down-shift  as  compared 
to  those  for  Re= 2400.  The  intensities  of  the  oscillating 
modes  near  fi  obviously  increase,  and  the  distribution  of 
the  power  spectrum  density  (PSD)  around  / 1  is  broadened. 

3.5  Chaotic  Flow 

The  wave  form  of  the  histogram,  shown  in  Fig.  2.9, 
lost  regularity  gradually  as  Re  was  increased  to  2600.  The 
broadband  power  spectrum  shown  in  Fig.  3.9  indicates 
the  behavior  of  chaotic  motions.  The  Poincare  section  in 
Fig.  4.9  also  exhibits  some  nearly  non-coherent  points.  For 
i2e=3000,  the  histogram  in  Fig.  2.10  shows  that  the  flow 
has  almost  lost  its  regularity.  The  power  spectrum  in  Fig. 

3.10  does  not  confirm  any  periodicity.  The  Poincare  section 
in  Fig.  4.10  also  reveals  some  random  points.  The  flow 
develops  into  the  chaotic  regime. 

For  Re— 3500,  the  wave  form  in  the  histogram  in  Fig. 

2.11  has  totally  lost  regularity.  The  power  spectrum  and 
Poincar4  section,  as  shown  in  Figs.  3.11  and  4.11,  respec¬ 
tively,  obviously  demonstrate  that  the  flow  moved  in  a  ran¬ 
dom  way. 

When  Re  was  increased  to  4000,  the  fluctuations  of 
velocity,  as  shown  in  Fig.  2.12,  were  further  amplified.  The 
power  spectrum  and  Poincare  section  results  show  clearly 
the  chaotic  characteristics  of  the  swirling  flow,  as  is  shown 
in  Figs.  3.12  and  4.12,  respectively. 

In  the  study  of  this  swirling  vortex  flow,  the  inherent 
route  to  the  onset  of  chaotic  flow  with  successive  period- 
doubling  bifurcations  exhibited  phenomena  similar  to  those 
obse*  '«d  in  other  flows,  e.g.  the  Rayleigh- Ben  ard  con¬ 
vection  problem  investigated  by  Gollub  Benson  (1980). 
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Fig.  4  The  Poincare  section  diagrams  with  various  Reynolds  numbers. 
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They  explored  the  same  scenario  of  route  to  chaos  in  one 
case  in  their  experiments,  which  had  an  aspect  ratio  of  3.5, 
and  a  Prandtl  number  of  2.5  and  used  Rayleigh  number 
as  the  control  parameter.  Other  routes  to  chaos  were  also 
explored  such  as  quasi-periodicity  and  phase  locking,  three 
frequencies  and  intermittency.  Notably,  in  this  study,  the 
original  frequency  changed  from  2.345  Hz  to  2.729  Hz  as 
the  Reynolds  number  increased  from  2100  to  2400.  This 
frequency-shifting  phenomenon  was  also  found  by  Gollub 
Sc  Swinney  (1975)  in  their  experimental  study  of  a  Taylor- 
Couette  vortex  flow  system. 

4.  CONCLUSIONS 

The  period-doubling  route  to  chaos  for  a  swirling  vor¬ 
tex  flow  in  a  open  cylindrical  container  with  a  rotating 
bottom  disk  and  an  aspect  ratio  of  2  was  studied  by  using 
laser- Doppler  velocimetry.  When  Re  was  in  a  range  be¬ 
tween  1850  and  1900,  the  onset  of  periodic  motion  for  this 
flow  was  found.  The  period  for  the  flow  with  jRe=2100 
was  0.426  sec.  The  flow  was  subharmonically  bifurcated 
into  a  double-period  motion  when  Re  was  between  2100 
and  2200.  The  period  for  the  flow  with  /Je=2300  was 
0.756  sec.  When  the  Reynolds  number  varied  in  the  range 
from  2300  to  2400,  the  flow  bifurcated  again  through  the 
period-doubling  mode  with  four  peaks  as  observed  from 
the  power  spectra  diagrams.  The  period  for  the  flow  with 
fte=2400  was  1.389  sec.  When  the  Reynolds  number  was 
further  increased,  the  flow  eventually  showed  chaotic  mo¬ 
tions. 
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1.  SUMMARY 

The  mixing  between  a  compressible  central  jet  and  a 
swirling  co-flowing  outer  stream  in  an  axisymmetric 
isothermal  rig  has  been  studied  using  a  two  component  laser 
Doppler  velocimeter  (LDVj.  The  experimental  results  were 
compared  with  the  predictions  of  a  computational  scheme 
which  used  the  k  -  e  closure  model.  The  comparisons 
confirmed  the  poor  performance  of  the  k  -  t  model  in 
predicting  mean  velocities  in  recirculation  regions  and 
turbulence  quantities  across  shear  layers.  The  limitations  of 
using  on-axis  LDV  systems  with  long  measurement  volumes 
to  perform  measurements  across  flow  regions  with  large 
velocity  gradients  and  length  scales  comparable  to  the  volume 
length  was  demonstrated.  In  addition  it  was  found  that  LDV 
measurements  of  mean  and  fluctuating  quantities  may  not  be 
sufficient  to  describe  and  reproduce  cases  of  strong  shear, 
consideration  of  other  stochastic  properties  of  the  measured 
ensembles  is  also  required  to  separate  large  scale  motions  from 
conventional  turbulence. 

2.  INTRODUCTION 

The  use  of  computer  codes  to  predict  the  gas  flow 
through  gas  turbine  and  ramjet  combustion  systems  has  been 
widely  recognised  as  a  valuable  aid  in  the  design  of  more 
efficient  combustors.  The  flowflelds  in  these  systems  can 
contain  regions  of  highly  turbulent  recirculating  flow  and 
compressible  tree  shear  layers  with  large  velocity  and  density 
gradients.  In  addition,  swirl  is  usually  implemented  in  these 
systems  to  improve  overall  combustor  performance  such  as 
increased  combustion  efficiency  and  reduced  formation  of 
pollutants.  Accurate  numerical  simulation  of  these  flows  still 
remains  a  problem  due  to  their  inherent  complexity  and  the 
requirement  for  turbulence  closure  models,  which  are  used  in 
the  time  mean  solution  of  the  equations  governing  the 
flowfield.  In  experimental  studies  of  these  flows,  it  has  been 
well  documented  that  laser  based  methods,  such  as  laser 
Doppler  velocimetry  (LDV),  are  the  most  viable  for  obtaining 
accurate  data  for  code  validation  purposes,  since  the  problems 
of  directional  ambiguity,  flow  disturbance  and  inadequate 
frequency  response  to  high  level  turbulent  fluctuations,  which 
can  occur  with  non-optical  techniques,  are  avoided. 


A  common  feature  of  the  comparisons  between  LDV 
data  and  numerical  predictions  (eg,  Nejad  et  al,  1 989)  is  that  in 
turbulent  swirling  flows,  some  computer  codes  underpredict 
the  turbulent  kinetic  energy  while  making  reasonable 
predictions  of  mean  velocity  components.  These  differences 
may  not  be  entirely  due  to  inadequacies  in  the  computer  code, 
since  LDV  systems  themselves  can  contribute  to  the 
discrepancy  by  over  predicting  the  turbulence  levels, 
especially  in  regions  of  high  shear.  This  effect  is  most 
pronounced  when  the  experimental  flow  is  either  unstable,  or 
the  LDV  system  has  a  spatial  resolution  comparable  with  large 
turbulent  length  scales  in  the  flow.  The  current  study 
compares  the  predictions  of  a  computer  program,  which  uses 
the  k  -  c  closure  model,  with  LDV  measurements  obtained 
from  experiments  in  a  confined  axisymmetric  co-flowing  rig, 
which  has  a  compressible  centre  jet  emanating  from  a  bluff 
body  and  surrounded  by  an  isothermal  swirling  flow. 


3.  EXPERIMENTAL  ARRANGEMENT 

A  schematic  of  the  axisymmetric  experimental  rig  is 
shown  in  figure  1(a).  Plots  of  the  streamlines  and  velocity 
vectors  from  the  numerical  simulation  (see  below)  are  shown 
in  figure  1(b)  to  illustrate  the  flow  pattern  along  with  the  sign 
convention  adopted  in  this  study.  The  rig  was  designed  to 
provide  two  independently  controlled,  co-flowing, 
axisymmetric  air  streams  which  mix  with  each  other  in  a 
cylindrical  test  section  of  length  l.S  m  and  diameter  1S2.4 
mm.  The  test  section  was  fabricated  from  a  number  of 
different  pipe  lengths  and  an  optical  access  section  which 
enabled  LDV  and  total  pressure  measurements  to  be  performed 
at  axial  intervals  of  approximately  37  mm. 

The  central  jet  was  formed  from  air  issuing  from  a 
convergent  nozzle,  of  exit  diameter  14.7  mm,  which  was 
centrally  located  in  an  axisymmetric  centre  body  of  diameter 
80  mm.  The  outer  co-flowing  stream  passed  through  a  swirler, 
fabricated  from  12  circular  arc  guide  vanes,  and  through  a 
tapered  annular  passage,  S00  mm  in  length  and  25  mm  in 
width,  before  passing  over  the  centre  body  at  the  start  of  the 
test  section.  Rig  total  pressures  were  set  to  provide  nominal 
axial  velocities  of  52  m/s  (U2)  in  the  outer  flow  and  200  m/s  in 
the  central  jet. 
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Test  Seciion 


(a)  -  Schematic  of  experimental  rig 


(b)  -  Expanded  region  showing  flow  pattern 


Figure  1  - Experimental  Rig  and  Flow  Pattern 

To  enable  LDV  measurements  to  be  performed,  the 
outer  flow  was  seeded  with  poly  disperse  sugar  particles,  which 
were  generated  by  the  atomisation  of  a  5  per  cent  sugar  and 
water  solution  in  a  Thermo  Systems  Incorporated  (TSI)  model 
9306  six  jet  atomiser.  The  seed  was  introduced  to  the  flow  in 
a  settling  chamber,  well  upstream  of  the  test  section,  through  a 
six-point  manifold  to  provide  a  uniform  particle  distribution  in 
the  test  section.  Data  published  (Agarwal  and  Johnson,  1981) 
for  the  model  9306  atomiser  suggests  that  atomisation  of  a  5 
per  cent  salt/water  solution  will  produce  particles  ranging  in 
size  from  0.5  to  3  micron,  with  a  mean  around  0.8  micron.  • 
slightly  larger  particles  can  be  expected  with  the  equivalent 
sugar/water  solution.  A  high  pressure  version  of  the  TSI 
seeder  was  used  to  seed  the  central  jet  A  50  cP  Dow  Coming 
fluid  was  used  as  the  seed  base,  and  was  introduced  to  the  flow 
upstream  of  the  exit  nozzle.  To  ensure  equal  concentrations  of 
particles  in  both  streams,  the  seeders  were  controlled  so  their 
output  was  in  the  same  ratio  as  the  volume  flow  ratio  of  the 
two  streams. 


4.  LDV  SYSTEM 

The  LDV  used  in  the  experiments  was  a  TSI  9100-7 
two  channel,  two  colour  system  which  was  optimised  for  high 
speed  flow  measurement  in  the  range  -300  to  1 100  m/s.  The 
system  operated  in  beckscatter  mode  with  frequency  shilling 
on  both  channels.  The  combination  of  13  mm  beam  spacing. 


2.75  beam  expansion  and  a  750  mm  focussing  lens  gave 
ellipsoidal  measuring  volume  dimensions  of  approximately 
0.13  mm  diameter  and  4  mm  length.  The  frequency/velocity 
conversions  for  both  channels  were  usually  around  8  m/s/MHz, 
but  depended  upon  the  final  beam  half  angles  that  were 
measured  once  the  crossing  point  was  established.  A  0.1  mm 
aperture  in  the  field  stop  system  reduced  the  measurement 
volume  diameter  seen  by  the  photomultipliers,  but  the  on-axis 
collection  forced  velocity  realisations  to  be  made  over  the  full 
length  of  the  measurement  volume.  Both  channels  had  Bragg 
cells  in  one  beam  which  provided  a  frequency  shift  of  40  MHz. 
The  combination  of  40  MHz  frequency  shifting  against  the 
mean  flow  direction  and  45  degree  beam  orientation 
effectively  eliminated  any  fringe  bias,  and  allowed  the 
maximum  expected  Doppler  frequencies  (around  55  MHz)  to 
be  well  within  the  detectable  range  of  the  photomultipliers. 

The  whole  system  was  mounted  on  a  milling  machine 
base  which  enabled  the  measurement  volume  to  be  located 
inside  the  test  section  with  an  accuracy  of  0.05  mm.  Radial 
and  axial  velocity  components  were  obtained  by  locating  the 
measurement  volume  on  the  rig  centreline  and  traversing  the 
milling  machine  along  a  vertical  radius  (y  direction,  figure 
lb).  Tangential  and  axial  components  were  obtained  by 
traversing  the  final  focussing  lens  along  a  horizontal  radius  (z- 
direction,  figure  lb),  using  a  TSI  model  9400  traverse  table 
controlled  by  a  TSI  model  9430  positioner, . 

Two  TSI  1990  counter  processors,  a  TSI  1998  interface 
and  a  PDP-1 1  computer  constituted  the  data  acquisition  and 
processing  system.  The  1998  interface  was  set  in  ‘non-priority’ 
mode  and  provided  coincident  velocity  measurements  from 
both  channels  within  a  time  interval  of  1ms.  The  data  transfer 
to  the  computer,  via  DMA,  proceeded  at  a  much  faster  rate 
than  the  velocity  realisation  rates  in  the  two  counters;  hence, 
the  data  in  most  sections  of  the  flowfield  was  fully  velocity 
biased. 

Corrections  for  velocity  bias  were  made  by  particle 
interarrival  time  weighting  (Nejad  et  al,  1989)  with  the  time 
between  velocity  realisations  transferred  to  the  computer  along 
with  the  velocity  data.  This  was  the  preferred  correction 
method,  since  the  possibility  of  low  data  rates  inhibited  the  use 
of  constant  time  interval  sampling,  while  the  likelihood  of  zero 
velocity  components  in  both  channels  (and  the  lack  of 
simultaneous  3D  velocity  measurements)  prevented  the  use  of 
velocity  magnitude  weighting. 

5.  NUMERICAL  SIMULATION 

The  flow  situation  was  reproduced  by  means  of  solving 
the  time-averaged  conservation  equations  numerically. 
Turbulence  closure  was  modelled  by  the  two-equation  k  -  t 
model.  Standard  Dirichlet  and  Neumann  conditions  were 
applied  at  the  boundaries.  Logarithmic  law-of-the-wall 
relations  were  enforced  for  the  k  - 1  model  at  solid  boundaries. 
The  set  of  discretised  conservation  equations  was  solved  using 
a  finite  volume  technique  (Cope,  1991,  and  Vanka  et  al,  1989), 
which  features  a  co-located  grid,  the  hybrid  differencing 
scheme,  and  a  pressure  correction  relation  for  the  continuity 
equation  (Patankar,  1980). 
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and  assuming  solid  body  rotation,  ie.,-^*-  -  —  .and  for  the 

dn  Fc 

case  of  axisymmetric  swirl,  where  Rc  -  r,  and  Us  =  W,  then 

-2(W  /  r)2 
*  "  G/(pvt) 

For  a  recirculation  zone  in  the  plane  of  motion, 
Us  m  V£/2  +  V2  .  The  radius  of  curvature  is  given  by  Durst  and 
Rastogi  (1979)  as: 

uvf*l *H.)  +  U2  —  -V2  — 

o-i  Ur  *  »y 

H  m  -  j 


whence  the  recirculation  Richardson  number  (Srinivasan  and 
Mongia,  1980)  is 


V  G/(pvt) 

Then,  following  Rodi  (1979),  the  constant  C]  in  the  k  - 
a  model  is  modified  as. 

C,  -1.42e-a,fliee-a2,iic, 

with  empirical  constants  a,  =  0.2,  and  =  2.0. 


Figure  2  -  Axial  Mean  Velocities 

An  attempt  was  made  to  improve  the  performance  of 
the  k  -  e  model  in  the  recirculation  zones  by  modifying  the 
constants  in  the  e  equation  using  Richardson  numbers.  For  a 
curved  streamline  the  Richardson  number,  Rj,  is  defined  by: 

=  Production  of  turbulent  KE  due  to  curvature 
Total  production  of  turbulent  KE 


From  Leschziner  and  Rodi  (1981),  the  production 
terms  on  a  curved  streamline  of  radius  Rc  are  : 

(-2 +  2u2  -  2u2)  ^  , 

where  s  and  n  identify  directions  tangential  and  normal  to  the 
streamline  respectively. 

Retaining  only  the  shear  terms, 


where  G  is  the  production  of  turbulent  kinetic  energy 
appearing  in  the  standard  k- 1  model. 


6.  RESULTS  and  DISCUSSION 

6.1  Measured  Mean  Velocities 

Mean  and  turbulence  data  were  collected  by  the  LDV 
system  at  six  axial  locations  at  selected  intervals  in  the  parallel 
mixing  region.  Figure  2  shows  profiles  of  mean  axial  velocity 
components  at  five  of  these  locations  which  were  gathered 
from  traverses  along  horizontal  radii  (left  side  of  the  figure) 
and  along  vertical  radii  (right  side  of  figure).  The  profiles 
illustrate  the  overad  symmetry  of  the  mixing  flow  field  except 
for  minor  differences  in  the  recirculation  region  close  to  the 
nozzle  exit  plane  (x  =  3mm).  Other  notable  features  include  a 
centreline  flow  acceleration  between  3  and  40  mm  downstream 
of  the  nozzle  exit,  and  a  progressive  broadening  of  the  jet  after 
40  mm.  In  addition,  there  are  high  axial  velocity  gradients  at 
the  edge  of  the  jet  and  the  surrounding  flow  (6Sm/s/mm)  and 
at  the  edge  of  the  bluff  centrebody  (25m/s/mm). 

Figure  3  shows  profiles  of  tangential  (left  side  of 
figure)  and  radial  (right  side)  mean  velocities  at  the  same  five 
axial  locations.  The  swirl  number  of  the  flow  entering  the  test 
section,  calculated  from  the  formula  given  in  Nejad  et  al 
(1989),  was  approximately  0.3.  The  tangential  velocity 
profiles  for  the  outer  flow  are  typical  of  free  vortex  flows  ( ie., 
W  a  1/r)  and  remain  relatively  constant  throughout  the 
measurement  regime.  The  high  levels  of  swirl  still  in  evidence 
300  mm  from  the  nozzle  exit  plane  indicates  that  the  angular 
momentum  of  the  outer  flow  has  been  maintained  and 
relatively  unaffected  by  the  spread  of  the  centra]  jet.  Near  the 
boundary  of  the  central  jet  the  motion  tends  to  a  forced  vortex 
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flow  (ie.,  W  «  r)  which  is  then  maintained  to  the  centreline 
(ie.,  at  r  =0)  Maximum  tangential  velocities  of  around  1 .25  to 
1.5  times  the  axial  mean  flow  occur  at  the  jet  boundaries 
which  is  consistent  with  the  large  static  pressure  gradients 
observed  therein.  The  radial  mean  velocity  profiles  correctly 
depict  the  flow  in  the  recirculation  region  and  its  subsequent 
wake  downstream  of  the  bluff  centrebody;  ie. .radial  outflow 
3mm  from  the  bluff  body,  inflow  40  mm  downstream  before 
reverting  to  a  radial  outflow  as  the  central  jet  expands.  In  the 
outer  region,  the  flow  is  directed  towards  the  centreline  up  to 
75  mm  from  the  bluff  body  which  is  consistent  with  the 
approach  angle  of  the  flow  entering  the  test  section. 


Figure  3  -  Tangential  and  Radial  Mean  Velocities 


Figure  4  shows  an  expanded  view  of  the  radial  profiles 
in  the  centre  section  of  the  flow.  On  both  sides  of  the 
centreline,  the  velocities  are  directed  inwards  in  the  central  jet 
region  up  to  an  axial  distance  of  40  mm  after  which  they  are 
directed  outwards.  These  features,  along  with  the  centreline 
axial  flow  acceleration  (figure  2),  indicate  the  presence  of  a 
vena  contracts  with  minimum  cross  section  between  40  and  75 
mm  from  the  nozzle  exit 


r  (mm) 

Figure  4  -  Expanded  View  of  Radial  Mean  Velocities 


62  Measured  Turbulent  Velocities 


Figure  5  -  Measured  Axial  Turbulent  Velocities 


Figure  5  shows  profiles  of  axial  turbulent  velocities  at 
the  same  five  axial  locations  normalised  with  respect  to  the 
outer  flow  inlet  velocity.  The  levels  of  turbulent  fluctuation 
are  fairly  low  immediately  downstream  of  the  nozzle  exit,  but 
increase  rapidly  as  the  central  jet  expands,  before  decaying 
slowly  in  the  stream  wise  direction. 


Local  maxima  are  evident  in  the  shear  layer  between 
the  central  jet  and  the  surrounding  flow,  and  in  the  shear  layer 
emanating  from  the  edge  of  the  bluff  body.  This  latter  feature 
is  apparent  only  at  axial  locations  up  to  one  half  of  the 
centrebody  diameter  (40  mm)  from  the  nozzle  exit  plane  and  is 
more  pronounced  in  the  results  from  the  horizontal  traverse. 
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Figure  6  -  Comparison  of  Mean  Axial  Velocities 


Figure  7  -  Comparison  of  Radial  Mean  Velocities 

Rapid  decay  of  turbulent  fluctuations  are  usually  indicative  of 
high  diffusion  and  dissipation  rates.  The  apparent  slow  decay 
of  the  fluctuations  in  the  shear  layer  at  the  boundary  of  the 
central  jet  suggest  the  presence  of  large  scale  turbulent 
structures  which  maintain  their  integrity  and  only  dissipate 
slowly  in  the  stream  wise  direction. 

6.3.  Numerical  Comparisons 

Figures  6,  7,  &  8  show  comparisons  of  calculated  and 
experimental  mean  velocities  up  to  x/D  -  .75  (x  =  1 12  mm) 
Grom  the  nozzle  exit  plane.  The  numerical  simulation  of  the 
axial  mean  motions  (figure  6)  was  generally  satisfactory,  but 
the  predictions  of  the  radial  and  tangential  mean  velocities 
(figures  7  ft  8)  were  unsatisfactory  especially  in  the 
recirculation  region.  This  was  not  unexpected  since  the  poor 
performance  of  the  k  -  *  model  in  strong  recirculating  flows  is 
well  documented. 

The  results  of  the  simulation  of  the  shear  layer  between 
the  inner  and  outer  flows  were  clearly  unsatisfactory,  as 
demonstrated  in  figure  9  which  shows  calculated  and  measured 
turbulent  kinetic  energy  profiles.  Maximum  discrepancies 
between  the  calculated  and  experimental  results  occurred 
around  40  mm  from  the  nozzle  exit  plane  (ie.,  at  x/D  =  .26) 


Figure  S  -  Comparison  of  Mean  Tangential  Velocities 


Figure  9  -  Comparison  ofT urbulent  Kinetic  Energies 

which  corresponds  to  the  region  of  maximum  turbulence  levels 
(figure  5)  and  maximum  axial  and  tangential  velocity 
gradients.  Richardson  number  corrections  (as  outlined  in  the 
previous  section)  were  attempted  and  are  shown  on  figures  6 
through  9  as  dotted  lines.  Although  the  mean  velocity 
predictions  were  somewhat  improved,  the  corrections  failed  to 
yield  levels  of  turbulent  kinetic  energy  closer  to  the 
experimental  data. 

Figure  10  shows  the  LDV  velocity  histograms  through 
the  shear  layer  between  the  inner  and  outer  flows  40  mm  from 
the  nozzle  exit  plane.  Although  the  data  has  been  corrected  for 
velocity  bias,  the  axial  and  tangential  velocity  distributions  are 
skewed  across  the  shear  layer  with  very  high  turbulence  levels. 
It  is  likely  that  these  levels  are  not  accurate  indicators  of  the 
true  local  turbulence  due  to  velocity  realisations  being 
achieved  over  the  entire  length  of  the  measurement  volume 
which  spans  a  region  of  very  high  velocity  gradient;  ie., 
between  r/R  =  .067  and  r/R  =  .134  (which  corresponds  to  a 
radial  distance  of  5  mm,  only  1  mm  longer  than  the  measuring 
volume  length)  the  measured  mean  velocities  change  by 
approximately  120  m/s  (axial)  and  48  m/s  (tangential).  OfT- 
axis  collection,  in  conjunction  with  smaller  receiving 
apertures,  would  give  greater  spatial  resolution  and  hence 
provide  more  accurate  data  on  the  shear  layer  structure. 
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Figure  10  -  Shear  Layer  Velocity  Histograms  at  x  =  40  mm 


An  additional  cause  for  discrepancies  between 
computed  and  measured  results  may  possibly  be  found  in  the 
non-Gaussian  nature  of  the  histogram  on  the  shear  layer  (r/R 
”0  1  ,  figure  10),  wherein  its  stochastic  properties  depend  on 
factors  other  than  local  factors.  A  phenomenon  of  this  nature 
cannot  be  reproduced  by  a  turbulence  model  which  assumes 
the  length  scale  to  be  determined  by  the  local  values  of 
turbulent  kinetic  energy  and  its  dissipation.  The  suggestion  is 
that  fluctuating  quantities  measured  by  the  LDV  system 
include  elements  of  large  scale  structures.  This  is  consistent 
with  the  pattern  of  turbulence  decay  discussed  in  62  above. 


7.  CONCLUSIONS 


8.  NOMENCLATURE 

D  =  Test  section  diameter 

k  ”  Turbulent  kinetic  energy 

r  =  Radial  co-ordinate 

R  =  Test  section  radius 

U,V,W  =  Axial,  radial,  and  tangential  mean  velocities 

u,v,w  ”  Axial,  radial  and  tangential  fluctuating  velocities 

x,y,z  =  Spatial  co-ordinates 

c  =  Dissipation  rate 

vt  =  Turbulent  viscosity 

p  =  Density 


The  use  of  early  generation  LDV  systems,  which 
require  long  measurement  volumes  to  measure  high  speed 
flows,  can,  in  some  flow  situations,  contribute  to  discrepancies 
between  experimental  results  and  the  predictions  of  computer 
codes  which  model  turbulence.  As  outlined  above,  artificially 
high  turbulence  in  the  measured  values  can  arise  when  velocity 
realisations  are  made  over  shear  layers  with  high  velocity 
gradients  and  length  scales  comparable  to  measurement 
volume  dimensions. 
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ABSTRACT 

Two  component  LDV -measurements  have  been  made  in  a 
turbulent  flowfield  following  an  axisymmetric  confined  sudden 
expansion,  followed  by  a  contraction.  Three  swirling  flow  cases 
and  one  non-swirling  case  are  presented.  Mean  velocities  and 
Reynolds  stresses  were  measured  at  axial  positions  ranging  from 
x/H=  -2.1  to  19.5  and  for  a  radial  position  range  of  r/R  ±0.99. 
For  this  radial  range  the  comer  eddy  recirculation  zone  is  clearly 
present  in  all  cases.  Its  extension  decreases  with  increasing  swirl 
number.  To  characterise  the  influence  of  the  periodic 
disturbances  that  are  associated  with  swirling  flows,  an 
integration  of  an  estimated  power  spectrum  around  the 
frequency  of  the  periodic  disturbances  was  made  along  the 
centre  line.  It  was  found  that  as  much  as  SO  %  of  the  turbulent 
kinetic  energy  is  associated  with  the  periodic  disturbances. 


1.  INTRODUCTION 

The  application  of  this  experiment  is  a  simplified  dump 
combuster.  It  is  interesting  to  study  how  different  inlet 
conditions  influence  the  size  of  recirculation  regions  for  flame 
holding,  and  how  the  mixing  rate  is  enhanced  by  the  swirl 
number.  The  objective  of  the  present  investigation  is  to  provide 
an  accurate  database  for  turbulence  model  validation. 

The  swirling  flow  through  a  sudden  axisymmetric 
expansion  is  a  complex  flow,  pocessing  several  different  flow 
regimes.  The  production  of  turbulence  is  increased  above  that  of 
a  non-swirling  flow  by  the  presence  of  the  tangential  velocity 
component,  which  results  in  additional  velocity  gradients.  The 
flow  phenomenon  that  is  produced  is  found  in  a  wide  variety  of 
important  applications.  In  combustion  systems,  turbulent 
swirling  flow  is  introduced  to  increase  the  mixing  rate  and 
reduce  the  flame  size. 

When  the  swirl  is  introduced,  the  wall  bounded 
recirculation  zone  decreases  and  for  a  certain  critical  swirl 
number  a  central  recirculation  zone  occurs,  a  phenomenon 
known  as  the  vortex  breakdown.  The  recirculating  fluid 
generates  regions  of  high  turbulence  in  the  shear  layer  between 
the  reverse  flow  and  the  surrounding  flow.  There  are  at  least 
four  classes  of  mean  flow  fields.  Gouldin  et  al  (1985),  that  can 
be  recognised  in  swirling  flows,  depending  on  the  presence  or 


absence  of  axial  mean  reversal  flow  in  or  near  the  vortex  core: 
no  reverse  flow,  a  central  recirculation  zone,  a  torrodial 
recirculation  zone,  and  a  long  backflow  region  or  columnar 
flow.  The  central  recirculation  zone  seems  to  occur  at  about  a 
swirl  number  of  0.35,  e.g.  Hallet  and  Gunther  (1984).  The 
torrodial  recirculation  zone  consists  of  cones  having  a  hollow 
core  shape,  with  positive  axial  mean  velocity  on  the  vortex 
centre  line,  e.g.  Owen  et  al  (1978).  Juang  et  al  (1990)  and  Yoon 
and  Lilley  (1984). 

A  further  complex  and  little  understood  phenomenon 
which  occurs  in  swirling  flow,  is  an  unsteady  and  periodic 
asymmetry  in  the  flow  field,  known  as  the  processing  vortex 
core  (PVC),  Gupta  et  al  (1984).  This  periodic  and  unsteady 
behaviour  has  been  observed  by  different  investigators.  Hallet 
and  Gunther  (1984)  found  the  presence  of  a  low  frequency 
oscillation  in  the  flow  below  the  critical  swirl  and  with 
increasing  swirl  the  periodicity  became  weaker  and  less  distinct, 
until  just  before  the  onset  of  the  vortex  breakdown  it 
disappeared.  Cassidy  and  Falvey  (1970)  found  that  the  Strouhal 
number  increases  with  increasing  swirl  number  and  that  the 
Strouhal  number  appears  to  be  independent  of  the  Reynolds 
number  above  103. 


2.  EXPERIMENTAL  APPARATUS 
2. 1  Flow  geometry 

The  test  rig  is  a  closed  loop  in  which  the  test  section  is 
constructed  of  glass  and  is  surrounded  by  a  glass  box.  A  picture 
of  the  test  rig  can  be  seen  in  figure  1.  Both  the  expansion  ratio 
and  the  conti action  ratio  are  1 .93.  Three  different  constant-angel 
axial  flow-type  generators  have  been  used  to  generate  the  swirl. 
The  vane  angle  for  the  three  swirl  generators  is  26,  48  and  66 
degrees  and  with  a  hub  of  16  mm  in  diameter.  For  a  Reynolds 
number  of  104  the  swirl  generators  produce  a  swirl  number  of 
0.33, 0.58  and  0.99  in  the  inlet.  The  swirl  number  is  defined  as: 
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To  allow  velocity  measurements  near  the  wall  and 
measurements  of  the  stresses  of  axial  and  radial  velocities  a 
refractive  index  matching  fluid  has  been  used,  which  means  that 
the  fluid  has  the  same  refractive  index  as  the  glass  tube.  This 
fluid  is  used  both  as  working  fluid  and  as  surrounding  fluid  in 
the  box.  The  fluid  that  has  been  chosen  is  a  mixture  of  dibutyl 
phthaiate  (80  volume  percent)  and  ethanol,  which  is  a 
newtonian  fluid.  This  makes  the  whole  test  section  an  optically 
homogeneous  unit.  For  easy  measurements  at  different 
locations,  the  probe  is  mounted  on  a  traversing  system.  The 
resolution  of  the  digital  scale  was  0.01  mm. 


a) 


Fig.  1  a)  Experimental  setup.  1-How  conditioner.  2-Swiri 

generator.  3-Test  section.  4-Pump  with  an  adjustable  AC 
drive.  3-Heat  exchanger. 

b)  Geometry  of  the  test  section.  (D,  =  D3,  Dj/D,  = 
1.94). 


2.2.  LDV  system 

The  velocity  measurements  were  made  with  a  two- 
component  Dan  tec  fiber-flow  LDV  system.  The  light  source 
was  a  4W  Ar-ion  laser  operated  at  0.5  W.  The  system  operates 
in  backscatter  mode  with  a  lens  with  a  focal  length  of  310  mm. 
The  size  of  the  measuring  volumes,  based  on  1/e2  intensity 
points,  was  roughly  30  microns  in  diameter  and  600  microns  in 
length,  with  a  fringe  spacing  of  2.2  microns.  For  seeding 
material,  metallic  coated  particles  with  a  mean  diameter  of  4  pm 
were  used.  The  signals  from  the  photomultiplier  were  processed 
in  Dantecs  Burst  Spectrum  Analyser  (BSA). 


2.3.  Experimental  procedures 

The  measurements  have  been  made  with  a  data  rate  of 
about  200  Hz  and  with  20000  bursts  in  each  location  for  each 
velocity  component.  To  measure  the  stresses  uv  and  uw ,  the 
measurements  were  made  in  coincidence  mode.  The  matching 
of  the  refractive  index  of  the  fluid  makes  it  easy  to  measure  the 
stresses,  specially  uv.  Another  advantage  is  the  linear  relation 
between  the  translation  of  the  probe  and  the  translation  of  the 


measuring  volume.  The  measurements  have  been  made  in  a 
region  of  -2.1  <  x/H  <  19.5  and  -0.99  <  r/R  <  0.99,  where  x  is 
the  axial  direction  from  the  expansion.  H  is  the  step  high 
(H=(D,-D2)/2)  and  R  the  radius  of  the  different  sections.  The 
inlet  and  outlet  profiles  have  been  measured  in  all  cases  and  the 
condition  for  axisymmetry  has  been  checked  in  four  different 
cross-sections  in  each  flow  cas  •  The  measured  variables  are  U, 
V,  W,  uu ,  ww,  w,  uw  and  uv  in  all  cases.  The  values 
presented  are  the  transit  time  weighted  values.  This  is  based  on 
the  standard  deviation  of  the  flow  volume  of  each  cross  section. 
The  standard  deviation  for  flow  volume  is  4%.  To  obtain  the 
volume  flow  of  each  section,  an  integration  over  velocities  in 
each  radial  section  has  to  be  made.  The  transit  time  weighted 
value  and  time  between  data  weighted  value  give  almost  the 
same  results.  The  unweighted  properties  showed  influences  of 
velocity  bias.  The  effect  of  the  scattering  light  of  the  laser  by  the 
wall  has  not  caused  any  trouble,  but  problems  arose  with 
particles  attached  to  the  surface.  In  the  data  this  can  be  seen  as  a 
spike  at  zero  velocity. 


3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
3.1.  Mean  velocity  distribution 

In  figures  2  to  5  the  non-dimensional  velocity  vector  plots 
are  shown  in  the  axial  and  radial  plane  for  the  non  swirling  case 
and  for  swirl  numbers  0.33,  0.38  and  0.99.  All  velocity  values 
have  been  normalised  with  the  inlet  axial  bulk  velocity,  Ub.  In 
the  figures  the  recirculation  zones  are  marked  with  a  line  for  the 
axial  zero  mean  velocities.  For  swirl  number  0.33,  no  central 
recirculation  zones  occur.  In  figure  3  it  can  be  seen  how  the 
velocity  decreases  after  the  expansion  in  the  centre  of  the  pipe, 
but  the  deceleration  is  not  strong  enough  to  cause  vortex 
breakdown,  which  is  in  good  agreement  with  the  results  of 
Samimy  et  al  (1987).  For  swirl  numbers  0.58  and  0.99,  a 
torrodial  central  recirculation  zone  occurs,  and  the  vortex 
breakdown  occurs  upstream  in  the  inlet  pipe.  For  these  swirl 
numbers  the  flow  consists  of  a  reversed  flow  along  the  centre 
line  followed  by  a  second  stagnation  point,  after  which  the 
central  zone  is  surrounded  by  a  reversed  flow,  which  can  be 
seen  in  figures  4  and  5.  The  fluid  in  the  centre  of  the  breakdown 
structure  moves  continuously  downstream  until  a  second,  spiral, 
breakdown  is  reached.  This  has  also  been  found  by  Bomstein 
and  Escudier  (1982).  This  secondary  stagnation  point  occurs 
after  the  expansion  for  swirl  number  0.38  and  before  the 
expansion  for  swirl  number  0.99.  The  secondary  breakdown  of 
a  spiral  can  exlpain  the  appearances  of  the  velocity  plots  for  the 
swirl  number  0.58  and  0.99,  where  asymmetric  behaviour  can 
be  seen,  especially  for  swirl  number  0.99. 

The  torrodial  central  recirculation  zone  that  occurs  for 
swirl  numbers  0.58  and  0.99,  has  also  been  found  by  Yoon  and 
Lilley  (1984)  and  by  Juang  el  al  (1990).  These  experiments 
have  a  convergent  exit  in  common. 

The  central  recirculation  zone  occupies  3 1  per  cent  of  the 
diameter  (D2)  for  swirl  number  0.58  and  51  per  cent  for  swirl 
number  0.99.  The  peak  value  in  the  reversed  torrodial  central 
recirculation  zone  also  increases  with  increasing  swirl  number. 
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For  swirl  number  0.99,  it  reached  a  value  of  0.59Ub  located 
before  the  expansion. 

The  outer  recirculation  zone  decreases  with  increasing 
swirl  number.  For  no  swirl  the  outer  recirculation  zone  has  a 
reattachment  point  at  10.4  steps  and  for  swirl  number  0.99  at  1 .9 
steps.  The  reversed  axial  mean  velocity  peak  in  the  outer 
teciculation  zone  increases  with  increasing  swirl  number  for  the 
four  cases.  Figure  6  shows  the  extension  of  the  outer 
recirculation  zone  as  a  function  of  swirl  number,  compared  to 
other  experiments.  The  extension  of  the  outer  recirculation  zone 
in  the  non-swirling  case  is  larger  compared  with  the  other 
experiments.  One  explanation  can  be  the  low  Reynolds  number 
compared  with  the  other  experiments.  Durst  and  Tropea  (1983) 


Fig.  2  Velocity  vectors  in  axial  and  radial  plane  for  swirl 
number  zero. 


Fig.  4  Velocity  vectors  in  axial  and  radial  plane  for  swirl 
number  0.38. 


Fig.  3  Velocity  vectors  in  axial  and  radial  plane  for  swirl 
number  0.99. 


showed  that  in  this  range  of  Reynolds  number  there  is  a  great 
Reynolds  number  dependency. 

In  figure  2  to  5  a  secondary  recirculation  zone  -a  comer 
eddy  can  be  seen.  The  extension  of  the  comer  eddy  for  the  non¬ 
swirling  case  is  0.09<x/H<1.56  and  the  peak  velocity  in  this 
area  is  U/Ub=0.03.  For  swirl  number  0.99  the  extension  for  the 
comer  eddy  recirculation  zone  is  0. 1 1  <x/H<0.42  and  the  peak 
velocity  in  this  area  is  U/Ub=0.04.  in  figures  2  to  5  it  can  be 
seen  that  the  extension  of  the  comer  eddy  decreases  with 
increasing  swirl  number.  The  comer  eddy  recirculation  zone  has 
also  been  measured  by  Szczepura  (1983)  for  a  non-swirling  case 
and  by  Ahmed  et  al  (1992)  for  a  swirling  case. 

In  figure  7  the  axial  central  velocities  are  plotted.  The 
most  significant  part  of  this  figure  is  the  jet-like  behaviour  for 
swirl  number  0.58.  For  swirl  number  0.99,  figures  5  and  7,  a 
third  breakdown  can  be  recognised  in  the  contraction. 
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Fig.  6  The  reattachment  length  of  the  outer  recirculation  zone 
as  function  of  swirl  number. 
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Fig.  7  Non-dimensional  velocity  at  the  centre  line. 


3.2.  Turbulence  distribution 

Figures  8  to  1 1  show  the  evolution  of  the  non-dimensional 
turbulent  kinetic  energy  through  the  geometry.  The  turbulent 
kinetic  energy  is  calculated  as  k=(uu  +  vvH'+vv)/2  The 
turbulent  kinetic  energy  in  the  inlet  increases  with  increasing 
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swirl  number.  At  the  core  at  the  inlet,  a  peak  value  of  0.3%  for 
the  non-swirling  flow  and  for  swirl  number  0.99  a  peak  value  of 
37%  is  reached.  The  kinetic  energy  after  the  expansion  increases 
from  6%  for  the  non-swirling  case  to  95%  for  swirl  number 
0.99.  The  location  of  this  peak  value  moves  upstream  with 
increasing  swirl  number.  After  the  contraction,  behind  the 
comer,  there  is  a  peak  value  near  the  wall  in  all  cases. 
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Fig.  8  Non-dimensional  turbulent  kinetic  energy  profiles 
(k/Ub2)  for  the  non-swirling  case. 


Fig.  9  Non-dimensional  turbulent  kinetic  energy  profiles 
(k/Ub2)  for  swirl  number  0.33. 
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Fig.  10  Non-dimensional  turbulent  kinetic  energy  profiles 
(k/UbJ)  for  swirl  number  0.58. 
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Fig.  1 1  Non-dimensional  turbulent  kinetic  energy  profiles 
(k/UbJ)  for  swirl  number  0.99 

The  peak  values  of  the  turbulent  kinetic  energy  are 
generally  coincident  and  lie  in  the  region  bounded  by  the  edge 
of  the  shear  layer  and  main  flow.  It  can  be  seen  that  the 
turbulent  fluctuations  have  apparently  dissipated  faster  for 
larger  swirl  numbers,  but  for  swirl  number  0.58  and  0.99  at  the 


centre  line,  there  seems  to  be  a  production  of  turbulent  kinetic 
energy.  The  production  of  this  turbulent  kinetic  energy  at  the 
centre  line  can  depend  on  a  secondary  breakdown  that  occurs  in 
a  spiral  and  that  a  periodic  disturbance  precess  about  the  axis. 
The  axial  mean  velocity  gradient  is  also  great  in  the  centre  of 
the  flow.  In  the  non-swirling  case,  the  production  of  turbulent 
kinetic  energy  is  associated  with  an  axial  mean  velocity  gradient 
at  the  outer  shear  layer.  In  the  swirling  cases,  the  turbulent 
production  of  kinetic  energy  is  also  associated  with  the  shear 
layer  at  the  centre  where  the  production  is  greater.  Even  for 
swirl  number  0.33  the  production  of  turbulent  kinetic  energy  is 
greater  in  the  centre  than  at  the  outer  shear  layer. 

The  effect  of  swirl  on  isotropy  was  examined.  This  is 
particularly  important  because  the  majority  of  the  closure 
models  assume  isotropic  turbulence.  In  the  zero  swirling  case,  it 
was  found  that  the  entire  flow  field  was  anisotropic.  In  the 
swirling  case  the  magnitude  of  radial  turbulent  velocity  was  25- 
300%'  of  the  axial  turbulent  velocity.  The  magnitude  of  the 
tangential  turbulent  velocity  was  60-300%  of  the  axial  turbulent 
velocity.  This  implies  the  possibility  of  isotropic  regions.  For 
swirl  number  0.33  small  pockets  of  isotropic  turbulent  flow 
existed,  particularly  in  the  developing  region.  For  swirl  number 
0.58  and  0.99  only  small  pockets  of  isotropic  turbulent  flow 
were  found.  Therefore  one  can  conclude  that  these  four  flow 
cases  were  anisotrpic  throughout  the  whole  field. 

3.3.  Shear  stresses 

The  value  of  the  shear  stress  in  the  shear  layer  for  the  non¬ 
swirling  case  reaches  a  peak  value  of  uv/Uh^.OlS.  This  result 
agree  well  with  those  obtained  by  Gould  et  al  (1990)  where  a 
normalised  peak  value  of  0.015  is  measured.  The  shear  stress 
tiw  remained  insignificant.  For  the  swirling  flows  two  peaks 
were  associated  in  the  UV  plane.  The  high  stress  values 
occurred  at  regions  of  maximum  velocity  gradients.  For  S=0.33, 
the  shear  stress  is  greater  in  the  comer  recirculation  shear  layer 
than  in  the  core  flow  where  there  is  a  decrease  in  axial  mean 
velocity.  For  S=0.58  and  S=0.99,  the  peak  value  is  located  at  the 
shear  layer  between  the  central  recirculation  zone  and  the  main 
flow.  The  peak  values  located  to  the  expansion  increase  with 
increasing  swirl  number  from  uv/Uh^.O?  for  S=0.33  to 
uvAJh2^.  19  for  S=0.99.  The  location  of  the  peak  value  in  the 
UV  plane  moves  upstream  with  increasing  swirl  number  ,  from 
x/H=2. 1  for  the  non-swirling  case  to  x/H=0. 17  for  swirl  number 
0.99.  The  peak  value  in  the  UW  plane  is  of  same  magnitude  as 
in  the  UV  plane.  In  figures  12  and  13,  the  stress  in  the  UV  and 
UW  planes  is  shown  for  swirl  number  0.99.  It  is  interesting  to 
note  that  after  the  reattachment  point  the  shear  stress  values  are 
insignificant,  apart  from  a  small  degree  of  stress  at  the  centre 
line  region  for  swirl  number  0.58  and  0.99.  This  is  probably 
associated  jvith  the  ^spiral  and  the  periodic  disturbance  Peak 
values  in  uw  and  uv  were  also  found  in  the  area  after  the 
contraction.  For  increasing  swirl  number,  the  maximum  peak 
value  increases  and  the  location  of  the  peak  value  of  the  stress  is 
moved  upstreams  in  both  the  UV  and  UW  plane. 
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Fig.  12  Normalised  shear  stress  profiles  for  swirl  number  0.99 
(^/Ub2). 
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Fig.  13  Normalised  shear  stress  profiles  for  swirl  number  0.99 

(i^/Ub2). 

The  correlation  coefficients  defined  as  Cm=4iwju  W  and 
C,v=uv/t/V  are  shown  in  figures  14  and  14  for  swirl  number 
0.33.  The  correlation  coefficient  describes  whether  or  not  a 
change,  due  to  turbulence  in  one  component  of  the  velocity, 
depends  on  a  change  in  the  other  component.  For  the  non¬ 
swirling  flow  the  coirelation  of  Cuw  is  almost  zero  in  the  entire 
flow  field  and  the  correlation  CU¥  is  positive  except  for  small 
legions  in  the  comer  after  expansion  and  before  contraction.  In 
the  swirling  cases  the  correlation  coefficient  peak  value  is 
higher  compared  with  the  non-swirling  flow.  In  all  cases  there  is 
a  positive  Cuv  peak  in  the  region  of  the  outer  recirculation  zone. 
In  the  swirling  cases  there  is  a  negative  peak  in  Cuv  that  is 
associated  with  the  central  torrodial  recirculation  zone,  or  for 
swirl  number  0.33  with  the  deceleration  in  axial  mean  velocity. 


Fig.  14  Correlation  coefficient  Cm  for  swirl  number  0.33. 
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Fig.  1 5  Correlation  coefficient  Cuv  for  swirl  number  0.33. 


The  Cuw  positive  peaks  are  associated  with  the  central  torrodial 
recirculatic  l  zone  and  with  the  deceleration  of  axial  mean 
velocity  fo.  swirl  number  0.33.  For  Cuw  at  the  centre  line,  the 
correlation  becomes  negative  after  the  secondary  stagnation 
point. 


3.4.  PVC 

A  characteristic  of  swirling  flows  is  the  appearance  of  a 
large  scale  oscillation.  The  central  part  of  the  flow  becomes 
unstable  and  a  periodic  distrubance  starts  to  precess  about  the 
axis  of  symmetry.  This  is  known  as  the  processing  vortex  core 
(PVC),  Gupta  et  al(l  984). 

In  order  to  characterise  the  influence  of  the  periodic 
distrubances,  the  power  spectrum  was  estimated  as  the  cosine 
Fourier  transform  of  the  slotted  auto  correlation.  Due  to  the  low 
data  density  of  the  measurements,  only  the  low  frequency  part 
of  the  spectrum  could  be  obtained.  Estimates  of  the  auto 
correlation  are  sensitive  to  velocity  bias  where  transit  time 
weighting  was  used.  An  indication  of  the  energy  induced  by  the 
precessing  can  be  obtained  by  integration  of  the  power  spectrum 
over  frequencies  near  the  frequency  of  the  precessing,  fpvc, 
equation  2, 

I -1frvc 

Epvc~  fnfW  (2) 

Ot/nc 

where  P(f)  is  the  power  spectrum  of  one  velocity  component. 

This  measure  of  the  precessing  strength  is  obviously  crude 
in  the  sense  that  it  does  not  differentiate  between  the  energy 
induced  by  the  precessing  and  the  energy  induced  by  the 
turbulence,  but  it  has  the  advantage  of  being  applicable  without 
knowledge  of  a  spectrum  without  the  precessing. 


Swirl  number _ 0 _ 0.33  0.58  0.99 

fpvc  (Hz)  5.5*  24,5  17.9  6.9  ~ 

*  A  chosen  value  to  calculate  the  EpyC 

Table  1.  The  frequency  of  periodic  disturbances. 

Through  the  auto  correlation  and  the  power  spectrum,  the 
frequencies  for  the  three  swirling  cases  were  found  and  can  be 
seen  in  table  1.  Periodic  disturbance  is  found  in  all  the  swirl 
cases.  The  low  swirl  number  produced  the  highest  PVC 
frequencies  and  for  increasing  swirl  number  the  frequencies 
decrease.  It  seems  that  fpvc  would  disappear  if  the  swirl  number 
were  to  increase  further.  The  energy,  Ej>vc,  for  the  central  line 
measurements  for  the  four  cases  were  investigated.  Figures  16- 
1 8  show  the  normalised  Epy^,  where  EpVC/u'u'  is  the  axial  and 
Epvc/w'w'  is  the  radial  respective  the  tangential  energy 
component  for  the  swirl  cases.  For  the  periodic  disturbances 
most  of  the  energy  is  located  in  the  radial,  respectively  the 
tangential  directions.  For  swirl  numbers  0.33  and  0.58,  the  peak 
value  for  the  radial  and  tangential  energy  is  located  at  the 
expansion  and  for  swirl  number  0.58  it  seems  to  have 
disappeared  at  the  point  where  the  central  recirculation  zone 
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disappears.  For  swirl  number  0.99.  the  periodic  disturbances 
seem  to  continue  futher  downstream. 


Fig.  16  Normalised  Epvc  along  the  centre  line  for  swirl  number 
0.33. 


Fig.  17  Normalised  EpyC  along  the  centre  line  for  swirl  number 
0.58. 


Fig.  18  Normalised  EpVC  along  the  centre  line  for  swirl  number 
0.99 


x/H 

Fig.  19  kpvc/k  as  function  of  x/H. 

In  figure  19  the  normalised  turbulent  kinetic  energy 
produced  by  the  periodic  disturbance  is  shown  for  all  cases. 

The  strongest  influence  of  the  precession  is  found  for 
swirl  number  0.58  and  it  is  located  in  the  torrodia!  recirculation 
zone. 

For  swirl  number  0.99  the  peak  of  the  PVC  influence  is 
not  located  in  the  torrodial  recirculation  zone,  instead  it  is 
located  in  the  spiral,  see  figures  5  and  1 1 .  For  swirl  number  0.58 
the  turbulent  kinetic  energy  is  large  at  the  centre  line.  Figure  10, 
but  the  influence  of  the  PVC  is  rather  small  after  the  torrodial 
recirculation  zone. 

After  the  contraction,  it  seems  that  the  influence  of  the 
PVC  reaches  the  same  level  in  all  cases,  figure  19.  or  that  it  has 
disappeared. 

5.  CONCLUSIONS 

The  purpose  of  the  present  study  has  been  to  obtain 
detailed  experimental  data  for  mean  velocities  and  Reynolds 
stresses  as  a  function  of  different  inlet  swirl  numbers.  For  this 
purpose  a  refractive  index  matching  fluid  has  been  used,  with 
good  results.  The  measurements  have  indicated  a  number  of 
interesting  features  of  axisymmetric  vortex  breakdown.  For 
swirl  number  0.58  and  0.99,  a  central  torrodial  recirculation 
zone  occurs,  followed  by  a  second  stagnation  point  on  the 
centre  line. 

The  peak  value  of  the  turbulent  kinetic  energy  increases 
dramatically  in  the  swirling  cases  compared  to  the  non-swirling 
case. 

The  influence  of  the  PVC  on  the  turbulent  kinetic  energy 
at  the  centre  line  has  been  investigated.  The  greatest  influence  is 
detected  for  swirl  number  0.58.  As  much  as  50%  of  the 
turbulent  kinetic  energy  is  associated  with  PVC  influence. 
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ABSTRACT 

A  laboratory  scale  cyclone  dust  separator  with  swirl 
numbers  varying  from  3.043  to  1.790  was  used  to  examine  the 
effects  of  different  downstream  pipework  configurations, 
flowrates  and  swirl  numbers  upon  the  size,  shape,  and  position 
of  the  precessing  vortex  core  (  P.V.C.  ).  Also  examined  was 
the  effect  the  precessing  vortex  core  had  on  the  reverse  flow 
zone,  and  the  relationship  between  the  two. 

It  was  concluded  that  the  reverse  flow  zone  displaced  the 
central  vortex  core,  so  that  it  is  off-set  from  the  geometric 
centreline,  to  create  the  precessing  vortex  core.  The  reverse 
flow  zone  would  then  provide  feedback  for  the  precessing 
vortex  core,  and  precess  around  the  central  axis  about  30 
degrees  behind  the  precessing  vortex  core. 

The  size  and  position  of  the  P.V.C.  was  effected  by  changes 
in  Reynolds  number,  and  any  additions  of  downstream  systems 
to  the  cyclone  would  also  affect  the  strength  of  the  P.V.C. 

The  P.V.C.  would  squeeze  and  accelerate  the  flow  through 
a  constriction  set  up  between  the  outer  limits  of  the  core  and  of 
the  exit  diameter  wall. 

Spiral  engulfment  vortices  were  produced  on  the  outside  of 
the  flow  and  served  as  the  initial  entrainment  mechanism  for 
external  flow. 


1.  INTRODUCTION 
1 . 1  Cyclone  Dust  Separators 

Cyclone  dust  separators  are  used  in  a  wide  variety  of 
industrial  and  manufacturing  sectors,  where  there  is  the  need  to 
separate  dust  from  gas  streams  prior  to  the  exhaust.  In  many 
petrochemical  industries  these  devices  are  used  in  a  continuous 
mode  to  improve  both  product  recovery  and  conversion  within 
a  process. 

The  geometrical  shape  of  the  cyclone  is  simple;  however 
Yazdabadi  et  a.  (1992)  have  shown  that  the  pattern  of  the  gas 
flow  is  extremely  complex.  This  flow  is  usually  classified  as 
swirling  or  cyclonic  i.e.  an  axisymmetric  turbulent  flow  in 


which  both  tangential  or  swirl  and  axial  velocity  components 
are  important.  The  radial  velocity  component  is  an  order  of 
magnitude  lower,  as  illustrated  by  Syred  and  O'Doherty  (1993). 

The  resultant  flow  conditions  have  been  accepted  as  being 
that  of  a  Rankine  or  Burgers  vortex  superimposed  on  a  mean 
flow  in  the  axial  direction.  This  model  suggests  that 
conservation  of  angular  momentum  exists  according  to  the  law 
w.r=constant.  In  practice  the  conservation  follows  the 
relationship  w.r*^  constant,  where  Douglas  et  a.  (1983)  state 
that  a  *  0.7  typically  for  cyclonic  flows. 

Under  particular  flow  conditions  the  vortex  processes  at 
some  frequency  away  from  the  central  region.  The  structure  is 
coherent  and  its  offset  from  the  central  axis  determines  the 
extent  of  the  reversed  flow  region  (  recirculation  zone  ).  This 
flow  geometry  is  called  the  precessing  vortex  core  (  P.V.C.  ) 
and  Yazdabadi  et  a.  (1992)  showed  that  its  feedback 
mechanism  is  the  reversed  flow  region. 

The  resultant  effect  of  this  type  of  flow  regime,  especially 
at  the  exhaust  of  a  cyclone,  is  akin  to  a  large  out  of  balance 
mass  of  fluid  /  particles  rotating  at  a  high  swirl  velocity. 
Yazdabadi  et  a  (1993)  highlighted  that  vibration  may  be 
encountered,  caused  or  initiated  by  the  flow  instability  set  up 
by  the  P.V.C. 

This  paper,  therefore,  investigates  the  naturally  occurring 
three  dimensional  time  dependent  instability  associated  with 
strongly  swirling  cyclonic  flows,  using  laser  doppler 
anemometry  (  L.D.A  )  techniques.  Clarification  is  given  to  the 
"cause  and  effect"  of  the  P.V.C.,  especially  in  relation  to  the 
reversed  flow  zone. 


2.  THE  PRECESSING  VORTEX  CORE  (  P.V.C. ) 

The  formation  of  the  recirculation  zones  in  a  swirling  flow 
device  depends  upon  the  swirl  number  of  the  device  and  its 
geometry.  It  is  now  well  documented  that  the  assumptions  of 
axisymmetry  in  such  flows  are  only  true  for  a  very  low  swirl 
and  Reynolds  numbers.  At  a  critical  swirl  number  of  about  0.6 
as  the  Reynolds  number  is  increased  an  instability  develops 
called  the  vortex  breakdown  phenomenon  As  the  Reynold? 
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number  is  further  increased,  a  large  three  dimensional  time 
dependent  instability,  called  the  precessing  vortex  core 
develops.  In  this  the  central  forced  vortex  region  of  flow  is 
displaced  from  the  axis  and  starts  to  precess  about  the  axis  of 
symmetry.  It  has  been  reported  by  Syred  and  Beer  (1972)  and 
Syred  -~l  a.  (1973)  that  this  phenomenon  is  very  regular  in 
nature  and  can  cause  other  instabilities  to  arise. 

The  P.V.C.  appears  to  be  a  mechanism  for  the  rapid 
transport  of  fluid  from  the  wall  opposite  the  exit  of  the  swirling 
device  to  the  downstream  end  of  the  reverse  flow  zone.  For  it 
to  be  a  stable  oscillation,  there  must  be  feedback,  and  it  has 
been  suggested  by  Chanaud  (1965)  that  this  is  provided  by  the 
reverse  flow  zone.  It  has  also  been  suggested  bv  Syred  and 
Beer  (1973)  that  the  reverse  flow  zone  displaces  the  central 
vortex  core  giving  rise  to  the  P.V.C. 

It  is  known  that  the  P.V.C.  has  a  regular  frequency  and 
amplitude,  simply  dependent  upon  the  system  configuration 
and  flowrate.  For  certain  steep  cyclone  cone  wall  angles  it  has 
been  observed  that  the  P.V.C.  can  be  considerably  excited 
making  contact  with  the  wall,  stirring  up  fine  dust  and  reducing 
dust  /  material  separation.  The  7  degree  half  angle  cone  used  in 
the  well  known  high  efficiency  Stairmand  unit,  described  by 
Stairmand  (1949),  was  noted  by  Shariet  (1990)  to  minimise 
this  vortex  core  precession. 

The  P.V.C.  can  also  cause  many  other  problems  by  locking 
onto  other  system  instabilities  and  resonating  (or  driving)  with 
them.  This  can  be  a  severe  problem  in  large  installations  where 
low  frequency  high  amplitude  oscillations  can  easily  arise. 
Putnam  (1971)  and  Guptaer  a.  (1984)  stated  that  beside  being 
undesirable  from  a  'noise'  aspect,  this  may  easily  cause 
sufficiently  large  pressure  fluctuations  to  overstress  the  outer 
shell  of  both  the  cyclone  and  the  downstream  interconnecting 
systems. 

3.  EXPERIMENTAL  ANALYSIS 

Experiments  were  carried  out  using  a  laboratory  scale 
cyclone  dust  separator.  Particular  attention  was  paid  to  the  exit 
of  the  cyclone  and  thus  the  effects  of  downstream  pipe 
configurations  on  the  velocity  components  of  the  swirling  flow 
were  examined.  Table  1  highlights  the  equivalent  lengths  of 
those  pipework  configurations  attached  to  the  cyclone.  The  exit 
diameter  was  also  varied  by  the  application  of  inserts  allowing 
the  cyclone  to  have  two  distinct  geometric  swirl  numbers, 
1.790  and  3.043  respectively.  Seven  test  configurations  were 
executed,  and  are  listed  in  table  2 

A  laser  probe  was  carefully  aligned  such  that  the  control 
volume  was  located  at  the  central  axis  of  the  exhaust  /  pipe 
bend  configurations  under  consideration. 

A  hotwire  probe,  utilising  linearising  and  filtering 
equipment,  was  positioned  close  to  the  outer  edge  of  the 
exhaust  nozzle.  A  clear  sinusoidal  P.V.C.  signal  was  obtained, 
this  was  input  into  a  triggering  unit,  which  output  a 


synchronised  square  wave,  used  to  reset  the  LDA  time  base 
after  each  cycle  of  the  P.V.C. 

This  meant  that  for  a  specific  radial  position  the 
instantaneous  velocity  variations  with  time  for  several  cycles 
of  the  P.V.C.  could  be  superimposed  over  one  another.  Thus 
representative  mean  and  r.m.s  instantaneous  rotating  velocity 
values  for  an  averaged  single  P.V.C.  cycle  could  be  produced. 
This  is  commonly  termed  phase  averaging  and  is  a  technique 
derived  from  LDA  work  in  reciprocating  engines. 

The  laser  control  volume  was  traversed  from  the  centre  of 
the  flow  radially  outwards  to  beyond  the  extremities  of  the 
cyclone  exhaust/pipc  bend  configuration  under  consideration, 
taking  axial  and  tangential  velocity  measurements  every  I  mm. 

At  each  1mm  step  axial  and  tangential  velocity  components 
of  the  flow  were  recorded,  and  the  data  was  presented  as  a 
mean  instantaneous  velocity  time  curve  for  a  complete  cycle  of 
the  P.V.C.  From  this  data  derivations  of  rotating  mean  axial 
and  tangential  velocities  were  made  by  digitising  each  velocity 
/  time  curve  for  a  complete  P.V.C.  cycle.  Nine  identical  radial 
paths  were  chosen  and  velocity  data  tabulated  as  a  function  of 
radius. 

Finally,  the  processed  data  was  plotted  as  spatial 
distributions  of  rotating  mean  axial  and  tangential  velocities  in 

Table  1.  Dimensions  and  equivalent  lengths  of  downstream 
pipework  configurations 


downstream  pipework  Equivalent  length 

configuration _ /cyclone  exit  diameters 


test  number 

Sg 

Re 

experimental  set-up 

1 

3.043 

28500 

cyclone  only 
flowratc=  1 000  l/min 

2 

3.043 

14250 

cyclone  only 
flowrate=500  l/min 

3 

1.790 

25600 

cyclone  only 
flowrate=900  l/min 

4 

3.043 

42750 

cyclone  only 
flowrate=  1 500  l/min 

5 

3.043 

14250 

cyclone  +  6.5  exit  diameter 
flowrate=500  l/min 

6 

3.043 

28500 

cyclone  +  3.2  exit  diameter 
flowrate=l000  l/min 

7 

3  043 

28500 

cyclone  +  2.7  exit  diameter 
flowrate=l000  l/min 

Cyclone  exhaust  tube 

1.3 

Straight  pipe 

6.5 

60°  angled  bend 

2.7 

90°  angled  bend 

3.2 

Table  2.  Test  apparatus  set-up  and  flow  conditions 
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a  plane.  Also  derived  were  the  associated  r.m.s  profiles,  these 
have  not  been  examined  in  detail  in  this  paper  as  they  are 
known  to  be  prone  to  P.V.C. '  jitter '  causing  slight  changes  in 
the  trigger  point  from  cycle  to  cycle.  Obviously  this  also 
affected  the  mean  rotating  axial  and  tangential  profiles  as  did 
the  size  of  the  control  volume  (  effectively  2mm  long  ).  By 
using  methods  described  by  Kline  and  McClintok  (19S3)  the 
accuracy  of  these  rotating  mean  phased  averaged  velocity 
measurements  is  estimated  to  be  ±  5  %  for  velocities  >  4  m/s, 

±  10  %  for  velocities  <  4  m/s. 


4.  PRELIMINARY  ANALYSIS  OF  RESULTS 

As  discussed  in  the  last  section  the  flows  at  the  exhaust 
nozzle  of  the  cyclone  dust  separator  freely  exhausting  to 
atmosphere  have  been  characterised  for  the  mean  rotating  axial 
and  tangential  velocity  for  two  swirl  levels,  a  range  of 
Reynolds  numbers,  and  three  different  exhaust  configurations 
as  illustrated  by  the  spatial  distributions.in  figures  2  to  8. 

In  order  to  interpret  the  data  it  is  useful  to  be  able  to 
postulate  a  model  which  can  explain  the  very  unusual  results 
obtained  for  the  mean  rotating  tangential  velocities,  figures  2a 
to  8a,  namely  the  area  of  negative  tangential  velocity  extending 
from  the  geometrical  centre  of  the  device,  to  typically  R«0.25. 
Careful  examination  of  data  from  work  reported,  herein, 
detailed  measurements  at  various  distances  downstream  of  the 
exhaust  and  indeed  from  swirl  burners  {  where  similar 
phenomenon  occur  )  reported  by  Claypole  et  a.  (1986), 
Yazdabadi  et  a.  (1992),  and  Satoer  a.  (1993)  indicates  that  the 
problem  is  caused  by  an  inappropriate  choice  of  co-ordinate 
system. 

Figure  1  illustrates  a  model  for  the  motion  Of  the  vortex 
which  explains  the  measurement  of  the  negative  tangential 
velocity  close  to  the  normal  axis,  this  being  due  to  the  fact  that 
the  geometrical  centre  of  the  unit  and  the  centre  of  the  vortex 


precesnonal 


geometric 
centre  of 
the  system 


positive 

Bow 


Figure  I .  Schematic  diagram  of  the  off  set  vortex 


do  not  coincide.  It  appears  that  the  centre  of  the  vortex  is 
displaced  to  one  side  of  the  geometric  centre  of  the  system  and 
precesses  about  this  axis.  This  is  well  illustrated  by  figure  I. 
which  shows  mean  rotating  tangential  velocities  through  the 
precessional  centre  of  the  vortex  (  P.C.O.V.  )  and  the 
geometric  centre  of  the  device  when  allowance  is  made  for  a 
change  in  the  sign  of  velocity  as  one  passes  through  the  true 
vortex  centre. 

Calculation  of  the  angular  momentum  flux  balance  along 
this  line  clearly  showed  that  there  was  a  balance  on  both  sides 
of  the  precessional  centre  of  the  vortex  to  within  ±  0.2%.  As 
discussed  later  this  gives  a  clear  explanation  of  the  form  of  the 
mean  rotating  tangential  velocity  fields  measured.  For 
convenience  the  mean  rotating  tangential  velocity  has  been 
collected,  processed  and  presented  using  the  geometric  centre 
of  the  device  as  the  centre  of  the  co-ordinate  system. 


5.  DISCUSSION  OF  RESULTS 

Using  the  model  of  figure  1  detailed  interpretations  of  the 
various  results  obtained  can  be  undertaken.  Figures  2a  and  2b 
illustrate  results  from  the  normal  cyclone  configuration,  with 
Sg=3.043  and  Re=28500  with  a  precessional  frequency  of  150 
Hz.  Figure  2a  shows  the  mean  rotating  tangential  velocity 
field.  The  approximate  centre  of  the  vortex  has  been  marked 
and  it  can  be  seen  that  this  displacement  from  the  geometric 
centre  is  sufficient  to  accelerate  the  tangential  velocity  to  a 
maximum  of  25  m/s  from  a  typical  mean  level  of  10  to  II  m/s. 
In  effect  the  swirling  flow  is  accelerated  as  angular  momentum 
flux  is  conserved  by  being  squeezed  through  a  narrow  region 
between  the  precessional  centre  of  the  vortex  and  the  wall.  The 
formation  of  reverse  flow  zones  in  swirling  flow  is  well  known 
to  be  caused  by, 

(a)  The  formation  of  strong  radial  pressure  gradients  due  to 

dp  W2 

the  term  —  =  — p -  which  give  for  cyclonic  units 

dr  r 

operating  at  near  to  atmospheric  pressure  sub  atmospheric 
pressure  levels  on  the  axis 

(b)  Axial  decay  of  tangential  velocity  level  (  as  occur  at 
sudden  enlargements  etc.  as  in  this  work  )  which  translates  via 
the  radial  pressure  gradient  term  in  (a)  above  into  negative 
axial  pressure  gradients  which  induce  reverse  axial  flow 

Since  the  P.C.O.V.  is  clearly  shown  in  figure  I  for 
tangential  velocities,  it  must  be  logical  to  assume  that  the  axial 
velocity  profiles  will  have  a  similar  centre  of  flow,  i.e. 
displaced  from  the  geometric  centre.  Indeed  this  does  infact 
occur,  as  shown  by  figure  2b.  The  central  reverse  flow  zone 
encompasses  the  P.C.O.V.,  as  to  be  expected,  and  also  extends 
to  a  non  dimensional  radius  of  up  to  0.25  to  0.3R  infront  of  the 
P.C.O.V.  Several  other  very  important  flow  features  are 
evident  in  figures  2a  and  2b  viz. 

(i)  Not  only  are  high  mean  tangential  velocities  generated 
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Figure  2a.  Spatial  distribution  of  rotating  mean  tangential 
velocities  for  test  number  1.  Re=28500,  Sg=3  .043 
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Figure  3a.  Spatial  distribution  of  rotating  mean  tangential 
velocities  for  test  number  2.  Re=l4250,  Sg=3.043 
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Figure  2b.  Spatial  distribution  of  rotating  mean  axial  velocities 

for  test  number  I .  Re=28500,  Sg=3.043  Figure  3b.  Spatial  distribution  of  rotating  mean  axial  velocities 

for  test  number  2.  Re= 14250,  Sg=3.043 


by  the  P.C.O.V.  effect  over  a  sector  extending  some  20°  ahead 
and  60°  behind  the  P.C.O.V.,  but  also  are  high  mean  axial 
velocities  over  a  similar  region.  Clearly  it  is  in  this  region  that 
the  largest  mass  fluxes  of  flow  are  occurring. 

(ii)  Just  beyond  the  exhaust  lip  of  the  cyclone  at  R£1.05  a 
sector  of  reverse  axial  flow  extending  over  340°  on  the  outer 
periphery  of  the  flow  has  developed  as  shown  in  figure  2b. 
Flow  visualisation  studies  have  revealed  that  this  region  is 
associated  with  the  formation  of  engulfment  vortices  and  high 
initial  entrainment  rates  (  a  well  known  phenomenon  with 
swirling  flows  ).  Indications  are  that  these  engulfment  vortices 
are  spiral  or  helical  in  nature  and  break-up  after  about  0.25  to 
0.5  exit  diameters. 

Figure  3  shows  the  effect  of  halving  the  flowrate  (  or 
Reynolds  number  )  on  the  flow.  The  broad  features  of  the  flow 
are  similar  to  figure  2,  although  some  important  differences 
emerge 

(a)  The  peak  tangential  velocity  when  compared  to  the 
average  over  the  section  is  somewhat  reduced,  comparing 
figures  3a  and  2a,  whilst  the  region  of  negative  tangential 


velocity  is  of  similar  area,  but  of  a  slightly  different  shape. 

(b)  The  lower  Reynolds  number  flow  produces  a  slightly 
larger  area  of  reversed  axial  flow,  comparing  figures  3b  and 
2b.  For  both  regions  it  is  noticeable  how  the  largest  area  of 
reversed  axial  flow  occurs  behind  the  P.C.O.V. 

(c)  The  reverse  flow  zone  on  the  outer  periphery  of  the  flow 
has  virtually  disappeared  at  the  lower  Reynolds  number, 
comparing  figures  3b  and  2b,  this  is  because  of  the  reduced 
velocity  levels. 

The  effect  of  swirl  number  on  the  mean  rotating  flow  fields 
is  shown  by  comparing  figures  4a  and  4b  (Sg=  1.790)  with 
figures  2a  and  2b  (Sg=3.043)  for  similar  Reynolds  numbers. 
The  region  of  high  tangential  velocity  (  upto  26.9  m/s  )  for 
Sg=  1.790,  figure  4a,  can  be  seen  to  extend  over  more  than  180° 
as  compared  to  60°  for  the  high  swirl  number  result,  figure  2a 
for  Sg=3.043.  The  region  of  negative  tangential  velocity  is 
reduced  somewhat,  but  there  are  still  clear  indications  of  the 
presence  of  the  P.C.O.V.  effect.  Again  there  is  evidence  of  an 
uneven  region  of  reverse  flow  in  the  centre  of  the  flow,  but 
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Figure  4a.  Spatial  distribution  of  rotating  mean  tangential  Figure  5a.  Spatial  distribution  of  rotating  mean  tangential 

velocities  for  test  number  3.  Re=25600,  Sg=1.790  velocities  for  test  number  4.  Re=42750,  Sg=3.043 


Figure  4b.  Spatial  distribution  of  rotating  mean  axial  velocities  Fi«ure  5b  sPatial  distribution  of  rotating  mean  axial  velocities 

for  test  number  3.  Re=25600,  Sg=l  .790  for  test  number  4  Re=42750,  Sg=3 .043 


again  off  axis,  identified  in  figure  4b.  The  outer  section  of  the 
flow  between  the  wall  and  the  P.C.O.V.  is  more  uniform  in  the 
0  direction,  figure  4b  (  l£R£0.6  ).  There  is  again  evidence  of 
large  scale  engulfment  vortices  on  the  outside  of  the  flow 
(  R£l  ),  as  shown  by  the  intermittent  {  in  the0  direction  ) 
reversed  axial  flow  in  this  region,  which  is  of  far  greater  extent 
than  with  the  higher  swirl  number;  compare  figures  4b  and  2b. 

The  effect  of  increased  Reynolds  number  from  28,500  to 
42,750  for  Sg=3.043  is  shown  by  comparison  of  figures  2a  and 
2b,  with  5a  and  5b.  Figure  5a  shows  that  a  substantial 
enlargement  of  the  area  of  negative  tangential  velocity  has 
occurred  at  the  higher  Reynolds  number,  compared  to  that 
shown  in  figure  2a.  The  highest  tangential  velocity  region, 
figure  5a,  is  clearly  located  close  to  the  outer  wall  in  a  thin 
narrow  sector.  Evidence  of  a  second  P.C.O.V.  forming  can  be 
clearly  seen  in  a  region  of  flow  120°  infront  of  the  main 
P.C.O.V.,  figure  5a.  Spectral  analysis  of  the  P.C.O.V.  signal 
shows  this  to  be  a  higher  frequency  or  harmonic  of  the  main 
P.C.O.V.  This  is  more  representative  of  the  true  flow  due  to 


better  triggering  by  the  now  sharper  P.C.O.V.  signal  ( at  higher 
velocity  levels ).  The  extent  of  the  influence  of  the  P.C.O.V.  in 
the  0  direction  is  more  limited,  but  its  relative  magnitude  is 
much  greater.  The  pattern  of  axial  velocities  has  also  altered 
considerably,  when  comparing  figures  5b  and  2b,  with  an  even 
larger  area  of  off  centred  central  reverse  flow.  Again  the 
squeezing  effect  of  this  reverse  flow  on  the  forward  axial  flow 
is  evident,  figure  5b.  However  the  flow  is  complicated  by  a 
further  region  of  high  axial  velocity  forward  flow  about  70°  to 
90°  infront  of  the  centre  of  the  central  reverse  flow  zone,  again 
indicative  of  the  formation  of  a  second  P.C.O.V. 

The  effect  of  a  sharp  90°  bend  on  the  P.V.C.  is  illustrated 
by  figures  6a  and  6b  for  the  same  swirl  and  Reynolds  numbers 
as  figures  2a  and  2b.  This  bend  has  smoothed  out  the  axial 
velocities  in  the  0  direction,  creating  a  far  more  uniform  profile 
as  shown  in  figure  6b.  But  not  so  with  the  tangential  velocity 
as  seen  in  figure  6a,  where  there  is  still  typically,  close  to  the 
outer  wall,  a  variation  in  tangential  velocity  by  more  than  a 
factor  of  2  in  the  8  direction  over  360°.  Large  areas  of  negative 
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Figure  6a.  Spatial  distribution  of  rotating  mean  tangential  Figure  7a.  Spatial  distribution  of  rotating  mean  tangential 

velocities  for  test  number  6.  Re=28500,  Sg=3.043  velocities  for  test  number  5.  Re=14250,  Sg=3.043 


Figure  6b.  Spatial  distribution  of  rotating  mean  axial  velocities 
for  test  number  6.  Re=28500,  Sg=3.043 


Figure  7b.  Spatial  distribution  of  rotating  mean  axial  velocities 
for  test  number  5.  Re=14250,  Sg=3.043 


tangential  velocity  still  exist  near  to  the  central  axis  (  infact 
larger  than  in  figures  2a  and  3a  )  indicating  the  presence  of  a 
processing  off  centre  vortex.  The  sharp  bend  has  destroyed  any 
axial  reverse  flow.  Feedback  mechanisms  are  difficult  to 
identify  but  may  arise  from  reverse  flow  in  or  just  before  this 
sharp  bend  and  not  detected  by  these  measurements. 

The  effect  of  a  6.3  exit  diameter  straight  pipe  on  the 
tangential  flow  field  is  illustrated  in  figures  7a  and  7b  for 
Sg=3.043  and  Re=l4,250  and  is  best  compared  to  figure  3a  and 
3b.  Although  the  actual  maximum  velocity  levels  have 
declined  considerably,  by  a  factor  of  3  for  tangential  and  nearly 
4  for  axial,  the  main  features  of  the  flow  have  scarcely  altered, 
with  a  small  region  of  negative  tangential  velocity  combined 
with  an  outer  high  velocity  area  covering  nearly  1 80°.  Here  the 
region  of  reversed  axial  flow  is  clearly  off  centre  and  closely 
correlates  with  the  P.C.O.V.,  highlighted  in  figure  7b. 

It  has  been  previously  shown  that  the  length  of  straight 
downstream  pipework  does  not  effect  the  shape  and  existence 
of  the  P.V.C.  The  introduction  of  a  60°  angled  bend  as  shown 


in  figures  8a  and  8b  has  centralised  the  vortex  region  to  that  of 
the  geometric  centre  of  the  pipework.  Thus  the  processing 
phenomenon  has  been  destroyed  across  the  bend.  The  velocity 
profiles  are  symmetric  in  both  the  tangential  and  axial  planes. 
The  peak  velocities  in  both  cases  cover  a  greater  percentage  of 
the  flow  field,  again  indicating  a  redistribution  of  the 
momentum  flux.  Hence  large  flow  reversal  zone  exists  in  the 
central  core. 

Table  3  highlights  the  radial  position  of  the  P.C.O.V.  for  the 
different  Reynolds  numbers,  geometric  swirl  numbers,  and  exit 
pipe  geometries  under  consideration.  Most  notable  is  that  for  a 
geometric  swirl  number  of  3.043,  an  increase  in  Reynolds 
number  from  14250  to  42750  moves  the  centre  of  the  P.C.O.V. 
outwards  from  the  geometric  centre  of  the  system  by  over  0.2R 
(0.28R  -  0.49R  ). 
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Figure  8a  Spatial  distribution  of  rotating  mean  tangential 
velocities  for  test  number  7.  Re=28500,  Sg=3.043 


the  actual  displacement  of  the  centre  of  the  vortex  from  and 
precession  around  the  geometrical  centre  of  the  system.  For 
tangential  velocities  a  new  rotating  co-ordinate  centre  is 
needed,  based  on  the  precessional  centre  of  the  vortex.  Angular 
momentum  flux  considerations  based  on  this  new  co-ordinate 
centre  clearly  show  why  the  tangential  flow  is  accelerated  by 
the  P.V.C.  phenomena,  thus  creating  the  'classic'  P.V.C.  signal. 
The  central  reverse  flow  zone  is  always  associated  with  the 
centre  of  the  vortex  in  swirling  flow  and  this  work  has  been 
clearly  shown  to  be  correlated  with  the  rotating  precessional 
centre  of  the  vortex. 

The  addition  of  external  pipework  has  been  shown  to  affect 
the  P.V.C.  and  unique  new  information  on  the  effect  of  a  hard 
bend  produced.  Axial  velocity  contours  were  shown  to  be 
much  smoother  in  the  6  direction;  whilst  reverse  flow  is 
destroyed.  The  P.V.C.  phenomena  propagated  around  the  bend, 
albeit  with  much  lower  velocity  levels. 

The  size  and  radial  position  of  the  P.V.C.  is  also  effected  by 
a  change  in  Reynolds  number.  An  increase  in  Reynolds  number 
shrinking  the  P.V.C.  size  but  increasing  its  amplitude  and 
moving  it  further  from  the  central  axis  of  the  exhaust. 

Finally  reverse  flow  on  the  outside  of  the  flows  points  to  the 
existence  of  large  scale  cngulfment  vortices  on  the  outside  of 
the  flow,  the  level  of  this  dependant  upon  the  geometrical  swirl 
number  of  the  system.  These  can  be  concluded  to  cause 
vibration  in  the  system  which  could  increase  the  amplitude  of 
the  already  present  vibrations. 


Figure  8b.  Spatial  distribution  of  rotating  mean  axial  velocities 

for  test  number  7.  Re-28500,  Sg=3.043  7.  ACKNOWLEDGEMENTS 


Table  3.  Radial  position  of  the  P.C.O.V.  for  the  varying 
experimental  parameters 


Test 

Re 

Sg 

cyclone 

attachments 

P.C.O.V.  radial 
position 

1 

28500 

3.043 

none 

0.35R 

2 

14250 

3.043 

none 

0.28R 

3 

25600 

1.790 

none 

0.30R 

4 

42750 

3.043 

none 

0.49R 

5 

14250 

3.043 

straight  pipe 

0.33R 

6 

28500 

3.043 

90°  angled  bend 

0.44  R 

6.  CONCLUSIONS 

This  paper  has  provided  information  via  phase  averaging 
techniques  of  the  three  dimensional  time  dependent  flows 
formed  in  the  exhaust  region  of  a  cyclone  dust  separator.  The 
work  has  produced  a  new  model  to  describe  vortex  core 
precession,  clearly  showing  that  the  phenomena  is  caused  by 
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8.  NOMENCLATURE 

Re  -  Reynolds  number,  defined  as  (4Q/(nDv)} 
Sg  -  geometric  swirl  number,  defined  as  {  n  Rx  R0  /  At } 
At  -  tangential  inlet  area  (  m2  ) 

D  -  cyclone  exhaust  diameter  (  m  ) 

Q  -  flowrate  (  m^ / s ) 

R  -  radius  ( m  ) 

Rx  -  radius  of  exhaust  (  m  ) 

Ro  -  radius  of  cyclone  main  body  (  m  ) 

r  -  radial  position  (  m  ) 

w  -  time-mean  swirl  velocity  (  m  /  s  ) 

p  -  density  (  kg  /  m^  ) 

v  -  kinematic  viscosity  (  m2  /  s  ) 

a  -  vortex  exponent 

P.C.O.V.  -  Precessional  Centre  Of  the  Vortex 
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P.V.C.  -  Processing  Vortex  Core 
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ABSTRACT 

Q-branch  vibrational  Coherent  Anti-Stokes  Raman 
Scattering(CARS)  has  been  often  applied  to  high  temperature 
measurement  (about  2000K)  of  gas  flow  in  combustion  and 
plasma  diagnostics  and  so  forth(e.g.,  Taran,  1987;  Eckbreth, 
1988  ).  To  the  contrary,  or  as  a  compensatory  technique, 
pure  rotational  CARS  is  useful  at  low  temperature  range, 
particularly  at  room  temperature  and  below.  If  the  gas 
contains  only  one  species,  rotational  lines  of  a  pure 
rotational  CARS  spectrum  are  separated  enough  so  that  they 
are  distinguishable.  Consequently,  rotational  temperature  can 
be  calculated  more  easily  from  the  pure  rotational  CARS 
spectrum  by  means  of  Boltzmann's  plot.  However,  it's  not 
the  case  for  gas  mixture  which  consists  of  some  species, 
because  the  rotational  lines  of  each  species  overlap  each  other 
partially  in  the  spectrum. 

In  this  paper,  an  easier  method  to  deduce  temperature  from 
the  pure  rotational  CARS  spectrum  of  gas  mixture  is 
proposed.  In  order  to  investigate  the  effectiveness  of  our 
method,  we  apply  it  to  evaluating  of  pure  rotational  CARS 
spectra  taken  along  the  centerline  of  supersonic  free  jets  of 
air  and  gas  mixture  which  consists  of  50%  nitrogen  and  50% 
oxygen,  using  multiple  four-color  interaction  method. 


1 .  INTRODUCTION 

Pure  rotational  CARS  is  very  useful  as  a  tool  of  gas 
thermometry  in  low  temperature  range(e.g.,  Murphy  and 
Chang,  1981;  Dick  and  Gierulski,  1986),  because  its 
rotational  lines  can  be  isolated  with  rather  large  line 
spacings  even  using  multiplex  method  or  relatively  poor 
spectral  resolution  apparatus,  when  gas  consists  of  single 
species  dominantly.  For  example,  the  line  spacings  for 
nitrogen  molecules  are  about  8  cm  ’.  According  to  this  fact, 
rotational  temperature  can  be  easily  calculated  from  the  slope 
of  a  Boltzmann's  plot  by  using  integrated  line 
intensities(Murphy  and  Chang,  1981;  Harashima,  1988). 
However,  when  the  gas  consists  of  multiple  species  like  air 
which  can  be  regarded  as  gas  mixture  of  nitrogen  and  oxygen, 
the  rotational  lines  of  each  species  overlap  each  other 
partially  in  the  spectrum.  So.  in  that  case,  temperature  could 


be  deduced  from  the  best  fitting  of  the  theoretical  spectra  to 
the  experimental  one,  like  the  usual  method  used  in  Q-branch 
vibrational  CARS.  However,  this  fitting  procedure  is  rather 
complicated  and  a  set  of  the  theoretical  spectra  must  be 
calculated  exactly  in  advance.  By  the  way,  when  the  gas 
consists  of  only  a  few  species,  the  spectrum  could  be 
separated  into  the  spectra  of  each  species.  Magens  and 
Leipertz  (1993)  applied  Fourier  analysis  technique  to 
evaluating  of  pure  rotational  CARS  spectra,  where  the 
different  contributions  of  nitrogen  and  oxygen  were  able  to  be 
separated  in  the  Fourier  space.  However,  even  with  that 
technique,  a  best  fitting  procedure  between  experimental  and 
calculated  spectra  has  to  be  used  in  the  Fourier  space. 

In  this  study,  an  easier  method  to  deduce  temperature 
from  a  pure  rotational  CARS  spectrum  of  gas  mixture  is 
proposed  assuming  equal  temperature  values  of  constituent 
species.  In  addition,  for  simplicity,  we  assume  that  the  ratios 
between  number  densities  of  constituent  species  are  known  in 
any  other  way.  Particularly,  air  is  selected  as  an  example  of 
gas  mixture  in  this  study,  because  it's  considered  to  be  very 
important  as  the  carrier  gas  for  experiments  of  compressible 
flow  and  so  on.  in  our  method,  a  spectrum  of  gas  mixture  is 
partitioned  into  some  sections  and  the  ratios  of  line 
intensities  in  each  section  are  calculated  theoretically 
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assuming  a  proper  temperature.  Once  the  spectrum  of  gas 
mixture  is  separated  into  the  spectra  of  each  species, 
temperatures  of  each  species  can  be  easily  determined  from 
the  Boltzmann's  plots  by  the  iterative  way.  respectively. 


2.  PROCEDURE  OF  TEMPERATURE  DEDUCTION 


Figure  I  shows  pure  rotational  CARS  transition  process 
in  multiple  four-color  interaction  method(A!den  et  al.  1986; 
Eckbreth  and  Anderson,  1986),  where  the  rotational  energies 
are  excited  with  two  photons  of  different  frequencies  (OJpi,  o>s) 
from  a  broadband  dye  laser.  If  the  frequency  cup;  of  a 
narrowband  laser  is  rather  different  from  copi  and  <Us.  the 
CARS  signal  with  frequency  cocars  (  cucars  =  copi  +  cop;  -  <ds) 
can  be  acquired  very  easily  by  separation  of  it  from  the 
broadband  laser  using  a  dichroic  mirror.  As  well  known,  the 
CARS  intensity  is  proportional  to  the  square  of  the  third-order 
nonlinear  susceptibility  and  is  given  by 

I(Wcars)  =  const.  |  X^'fcopi  -  cos)I:IpiIp;Is.  (1) 


where  Ipi  ,  in  and  Is  are  the  laser  intensities  at  the  frequencies 
topi,  (On  and  (Os.  respectively.  The  nonlinear  susceptibility 
is  the  sum  of  resonant  terms  for  transition  J  — »J  -t-2  (  here,  i 
means  rotational  quantum  number), 

xta»  _  Y2  n  N(J)  b(J)  ( 1  -cxp(  -Ucaji.;  /kgT)} 

CUj  ,  J  ♦  2  -  (dipt  -  CDs) -in/ 2 

and  the  nonresonant  background  (e.g.,  Dick  and  Gierulski, 
1986).  In  Eq.(2),  y,  n  and  Fj  are  the  anisotropy  of  the 
molecular  polarizability  tensor,  number  density  and  the 
linewidth  of  the  Jth's  rotational  line,  respectively.  Then, 
N(J),  b(J)  and  h  toj .  j ,  2  are  given  by 


N(J)  =  -Lgj  (2J  +  1 )  exp{ -  EXI)  /  kBT}  . 

Qr 

(J+l)(J  +  2) 

(2J  +  1)(2J  +  3) 

Tto)j.j,2  =  EXJ  +  2)  -  EXJ) . 


(3) 

(4) 

(5) 


where  Qr,  gr  k„  and  T  are  the  rotational  partition  function,  the 
nuclear  spin  degeneracy  factor,  Boltzmann  s  constant  and 
rotational  temperature,  respectively.  The  rotational  energy 
Er(J)  is  expressed  by 


E,(J)  =  hcBJ  (J  +  I),  (6) 

if  the  centrifugal  effect  can  be  neglected.  In  Eq.(6),  B  is 
molecular  rotational  constant,  h  is  Planck's  constant 
(TI=h/2»c)  and  c  is  the  speed  of  light.  Neglecting  the  laser 
intensity  distribution,  the  Jth's  rotational  line  intensities  ij 
are  given  by 

Ij  «  const. j  IxV’Pdftupi  -  o>s ) 

yVN(J)2b<J)2{l  -exp(  -Tito,  /kBT)}: 

*  const.  - » - - - 1-  (7) 


Raman  Shift  (cm'1) 


Fig.  2  Pure  rotational  CARS  spectrum  of  nitrogen 


Raman  Shift  (cm1) 

Fig.  3  Pure  rotational  CARS  spectrum  of  oxygen 
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Fig.  4  Pure  rotational  CARS  spectrum  of  air 

Substituting  Eq.(6)  into  Eq.(7)  and  transforming  a  little,  the 
following  equation  can  be  obtained 

F(J)  =  -  aJ(J  +  1 )  -i-  const.  .  (8) 

where 
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F(J)  =  Inf - — - - - -1  (9) 

b(J)2gr(2J  +  irjl  -  exp ( -110)1.1.:  / kHT)}- j 

and 

a  =  2ht£  (10) 

k„T 

Figure  2,  3  and  4  show  the  spectra  of  N:,  O2  and  air, 
respectively,  taken  at  room  temperature  and  atmospheric 
pressure.  In  the  case  where  the  gas  contains  only  one  species 
as  Fig. 2  or  Fig.  3,  the  obtained  spectrum  is  constructed  of 
some  isolated  rotational  lines  and  the  line  intensities  are  able 
to  be  calculated  easily.  Then,  using  the  line  intensities,  the 
values  of  F(J)  are  calculated  and  are  plotted  to  the  values  of 
J(J+1)  as  indicated  in  Fig.  5.  The  rotational  temperature  can 
be  calculated  from  the  slope  (Eq.(lO))  of  a  straight  line  which 
can  be  obtained  by  a  least  squares  routine.  This  is  called 
Boltzmann's  plot  method.  This  method  is  rather  easy  because 
the  calculation  of  theoretical  spectra  and  the  best  fitting 
procedure  are  not  necessary. 

However,  as  illustrated  in  Fig.  4,  the  spectra  of  gas 
mixture  like  air  is  complicated  because  of  the  superposition  of 
the  spectra  of  constituent  species.  In  this  case,  the 
Boltzmann's  plot  method  can  not  be  applied  as  it  is. 
Therefore,  we  propose  to  sectionalise  the  spectra  of  gas 
mixture  as  illustrated  in  Fig.  6.  Figure  6  is  a  calculated 
spectrum  of  air,  where  the  intensity  distribution  of  a 
broadband  laser  and  the  line  broadening  due  to  slit  function 
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Fig.  3  Boltzmann's  plot 
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Fig.  6  Sectionalization  of  spectrum  of  gas  mixture 


Fig.  7  Section  I  and  section  2 


are  not  considered.  The  spectrum  is  separated  into  12  sections 
in  Fig.  6  in  accordance  with  the  rules  as  follows:  The  adjacent 
rotational  lines  with  less  than  5  cm'1  separation  are  put  in  the 
same  section  and  the  both  ends  of  each  section  are  located  at 
2.81  cm'1  outwards  from  the  each  extreme  rotational  line  in 
the  section.  Here,  the  value  of  2.81  cm'1  accords  with  6 
elements  of  photodiode  detectors  in  our  apparatus.  For 
example,  as  seen  in  Fig.  7,  section  1  includes  two  rotational 
lines,  i.e.  the  third  O2  line  h(02)  and  the  second  N2  line  I2  (N2), 
and  its  region  is  from  23.07  cm'1  to  30.82  cm'*  in  Raman 
shift.  The  section  2  includes  b(N2)  and  b(C>2),  having  the 
region  from  33.20  cm'1  to  40.19  cm''. 

By  the  way,  using  the  Eq.(7),  the  ratios  between  the  line 
intensity  of  nitrogen  and  that  of  oxygen  can  be  calculated  by 


Ij  (N;)  _ /YjN2l\4/njN2)Wl7\ 

Ij’(Qz) 


N(J )2b(J )2(  1-  exp  /  kwT))2 

N(J  )  b(J  )  { 1-  exp  (-Ttoj  j  ^/kuT)}2 


(11) 


if  the  proper  temperature  is  given.  The  ratio  between  the 
anisotropy  of  N:  and  that  of  O2  was  calculated  by  comparison 
with  a  measured  spectrum  of  air  and  several  theoretical  spectra 
with  different  ratios,  and  the  value  of  y  }n2)  :  f  (<>:)  -  I  :  2.6  is 
gained.  This  value  is  in  good  agreement  with  the  values  quoted 
in  the  paper  by  Vaughan  et  al  (1993).  In  this  study,  the  values 
of  linewidth  H  are  taken  from  the  literature  by  Jammu  et  al 
(1966),  and  are  assumed,  for  simplicity,  to  be  independent  of 
temperature  and  pressure. 

In  our  method,  the  integrated  spectral  intensity  in  each 
section  is  shared  among  the  rotational  lines  in  its  section 
according  to  the  ratios  given  by  Eq.(lt).  After  this  sharing, 
all  line  intensities  of  each  constituent  species  can  be 
determined  relatively,  and  like  the  case  of  simple  gas. 
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Table  1  Regions  of  each  section  and  ratios  of  sharing  in 
the  case  of  air  with  room  temperature 


Fig.  8  Flow  chart  to  determine  temperature  of  gas  mixture 

rotational  temperature  can  be  calculated  using  the 
Boltzmann's  plot  method.  As  an  example,  the  regions  of  each 
section  and  the  ratios  of  sharing  of  spectral  intensity  between 
nitrogen  and  oxygen  are  shown  in  Table  1  in  the  case  of  air 
with  room  temperature. 

Practically,  a  proper  initial  temperature  selected  with  the 


rough  shape  of  spectrum  is  set  at  first,  and  using  it  the  ratios 
of  sharing  are  calculated  in  each  section.  Then,  the 
temperatures  of  nitrogen  and  oxygen  are  calculated  from  the 
slope  of  each  Boltzmann's  plot.  However,  usually,  the  three 
values  of  the  calculated  temperatures  of  nitrogen  and  oxygen 
and  the  initial  temperature  are  different  each  other.  Therefore, 
the  initial  temperature  is  replaced  by  the  mean  value  of  the 
calculated  temperatures  of  nitrogen  and  oxygen,  and  the  ratios 
of  sharing  are  calculated  again  with  the  mean  value.  This 
process  is  repeated  until  the  differences  among  the 
temperatures  Ts  .To  and  T«o  become  less  than  a  temperature 
difference  criterion  h.  Figure  8  displays  the  flow  chart  of  this 
temperature  determining  process.  Obviously,  this  method 
can  not  apply  to  the  case  when  the  temperatures  of  the 
constituent  species  are  different  like  in  non-equilibrium. 

3.  EXPERIMENTAL  APPARATUS 

In  order  to  investigate  the  effectiveness  of  our  method, 
we  apply  it  to  evaluating  of  the  pure  rotational  CARS  spectra 
taken  along  the  centerline  of  a  supersonic  free  jet  of  air  or  of 
gas  mixture  that  consists  of  50%  nitrogen  and  50%  oxygen. 
Figure  9  illustrates  our  CARS  apparatus.  We  adopt  the 
multiple  four-color  interaction  method  by  Alden  et  al  (1986) 
or  Eckbreth  and  Anderson  (1986)  to  capture  the  pure 
rotational  CARS  spectra.  A  part  of  the  frequency  doubled 
output  from  a  Nd:YAG  laser  (Quanta-Ray  DCR-3D,  532  nm) 
pumps  a  broadband  dye  laser  (Quanta-Ray  PDL-2,  607  nm, 
bandwidth  is  about  60  cm'1).  The  output  of  the  dye  laser  is 
separated  two  beams  gipi  and  tos  by  a  beam  splitter.  The  rest  of 
the  YAG  laser  output,  i.e.  (0p2,  is  superimposed  onto  one  of 
the  dye  laser  beams  using  a  dichroic  mirror.  The  three  beams 
are  focused  on  a  spot  on  the  axis  of  the  supersonic  free  jet  by 
a  300  mm  focal  length  lens.  The  signal  CARS  beam  generated 
from  the  sample  region  can  be  separated  from  the  incident 
laser  beams  with  an  aperture  and  a  dichroic  mirror,  because  the 
signal  beam  is  scattered  in  a  laser-like  manner  in  a  different 
direction  from  the  YAG  laser  beam  and  its  frequency  is  rather 
different  from  that  of  the  dye  laser  beam  superimposing  it. 
The  CARS  signal  dispersed  by  a  double  monochromator 
(JASCO,  CT-40D,  f  =  400  mm)  is  detected  by  an  optical 
multichannel  analyzer  (TN-6143.  512  channels).  The  crossed- 
beam  configuration  (i.e.,  BOXCARS)  mentioned  above  gives 
a  spatial  resolution  of  about  2  mm  in  the  direction  of  line  of 
sight. 

On  the  other  hand,  the  gas  is  expanded  from  a  source 
chamber  with  higher  pressure  to  a  expansion  chamber  with 
lower  pressure  through  a  nozzle  whose  diameter  is  D=l  mm 
and  produces  a  supersonic  free  jet.  In  order  to  measure  the 
temperature  at  different  positions,  the  expansion  chamber  can 
be  moved  along  the  centerline  of  the  jet  using  a  motor-driven 
stage. 

4  RESULTS  AND  DISCUSSION 

Figure  10  and  1 1  show  the  examples  of  CARS  spectra 
measured  in  the  supersonic  free  jet  of  air.  These  spectra  are 
accumulated  by  250  laser  shots  In  this  case,  the  pressure  of 
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Abbreviations 

P  :  Prism  BS  :  Beam  Splitter  DM  :  Dichroic  Mirror 
L  :  Lenz  A  :  Aperture  M  :  Mirror  BD  :  Beam  Dumper 
OMA  :  Optica]  Multichannel  Analyzer 
MDS  :  Multipurpose  Data  Processing  System 


Fig.  9  Experimental  apparatus  of  pure  rotational  CARS 

the  source  chamber  is  8.66Xl04Pa  and  that  of  the  expansion 
chamber  is  5.3X1 0IPa,  respectively.  Although  the  ratio 
between  the  number  density  of  nitrogen  and  oxygen  in  air  is 
78  :  21,  the  polarizability  anisotropy  of  oxygen  is  larger 
than  that  of  nitrogen,  therefore  in  the  spectra  of  air  the 
rotational  line  intensities  of  each  species  are  comparable.  The 
rotational  temperatures  along  the  centerline  of  the  supersonic 
free  jet  are  calculated  from  these  spectra  using  our  method  after 
correcting  the  spectra  with  an  averaged  distribution  of  dye 
laser  intensity.  As  seen  in  Fig.  10  and  Fig.  II,  the  rotational 
lines  hardly  appears  in  high  Raman  shift  region  because  of 
low  temperature  due  to  rapid  expansion.  In  such  cases,  only 
the  rotational  lines  with  lower  rotational  quantum  numbers  are 
used  for  calculation  of  temperature  in  our  code.  The  mean 
values  of  5  measurements  at  the  same  position  are  designated 
by  circles  in  Fig.  12.  Not  indicated  explicitly  in  the  Figure, 
the  differences  between  the  maximum  and  minimum  of 
measured  temperatures  at  each  position  are  less  than  4  K  The 
dotted  line  indicates  theoretical  temperature  given  by 
Ashkenas  and  Sherman  (1966)  The  deviations  of  the  mean 
values  among  the  5  measured  temperatures  from  the 


theoretical  values  are  found  to  be  smaller  than  6  K  and  the 
agreement  between  them  is  rather  good.  By  the  way,  when  the 
temperature  difference  criterion  A  is  set  to  I  K,  non¬ 
convergence  of  temperature  difference  has  occurred  in  some 
cases,  therefore  the  value  of  A  is  set  to  2  K  in  our  study 

To  confirm  the  effectiveness  of  our  method  when  the  ratio 
between  the  number  density  of  nitrogen  and  oxygen  is 
changed,  we  also  measured  the  temperature  of  gas  mixture  that 
consists  of  50  %  nitrogen  and  50  %  oxygen.  The  spectra 
captured  in  the  supersonic  free  jet  of  gas  mixture  are  showed  in 
Fig.  13  and  Fig.  14.  In  this  case,  the  pressure  of  the  source 
chamber  is  8.44XI04  Pa  and  that  of  the  expansion  chamber  is 
5.3X102  Pa,  respectively.  Because  of  higher  oxygen  number 
density  and  large  polarizability  anisotropy  for  oxygen,  the 
intensities  of  the  rotational  lines  of  oxygen  are  rather  strong 
and  dominant  in  the  spectrum  as  seen  in  Fig.  13  or  Fig.  14. 
In  addition,  the  S/N  ratios  in  the  spectra  of  gas  mixture  are 
larger  than  those  in  the  spectra  of  air  As  shown  in  Fig.  15. 
however,  the  result  of  the  temperature  measurement  in  gas 
mixture  is  almost  the  same  as  that  of  air  Therefore,  our 
method  for  deduction  of  the  rotational  temperature  from  the 
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Raman  Shift  (cm1) 

Fig.  10  Spectrum  of  air  (  x=0.75  mm,  T=133.5  K 
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Raman  Shift  (cm1) 

Fig.  13  Spectrum  of  gas  mixture  (  x=0.65  mm,  T=  136.2  K  ) 
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Fig.  1 1  Spectrum  of  air  (  x=4.25  mm,  T=42.6  K  ) 


Raman  Shift  (cm'  ) 

Fig.  14  Spectrum  of  gas  mixture  (  x=4.65  mm,  T=35.6  K  ) 
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>fig  12  Results  of  temperature  measurement  ( Air > 


Normalized  Axial  Distance  x/D  (D=lmm) 

Fig.  15  Results  of  tempetature  measurement  (Gas  mixturei 
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pure  rotational  CARS  spectra  of  gas  mixture  is  effective  in 
any  ratio  between  the  number  densities  of  constituent  species 
when  the  gas  consists  of  only  a  few  species. 

5.  CONCLUSIONS 

We  proposed  a  method  for  deduction  of  the  temperature 
from  the  pure  rotational  CARS  spectra  of  gas  mixture.  The 
method  uses  the  sectionalization  of  spectra  and  Boltzmann's 
plot  method.  It  is  rather  simpler  than  the  fitting  method  used 
in  general.  The  method  was  applied  to  the  temperature 
measurement  in  the  supersonic  free  jets  in  order  to  confirm  its 
effectiveness  and  the  experimental  results  agreed  well  with  the 
theoretical  ones.  However,  it  is  necessary  to  be  conducted  the 
verification  in  the  high  temperature  range  in  future.  Also  in 
this  study,  the  ratios  between  the  number  densities  of  the 
constituent  species  were  known  in  advance  and  were  constant, 
but  the  values  should  be  det?  mined  from  the  identical  spectra 
with  any  other  method.  For  example,  Fourier  analysis 
technique  may  be  used  to  determine  the  ratios  between  the 
constituent  species. 
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ABSTRACT 

The  spectroscopic  techniques  of  Degenerate  Four- 
wave  Mixing  and  Laser  Induced  Fluorescence  have 
been  applied  to  the  detection  of  minor  species  for 
combustion  diagnostics.  In  this  paper  we  compare  the 
results  obtained  from  these  techniques  when  used  to 
detect  the  nitrogen  dioxide  molecule.  Previous  results 
have  been  obtained  which  show  that  DFWM  signals 
increase  for  N02  when  buffer  gas  is  added  (Mann  et  al. 
1992),  and  that  LIF  signals  are  greatly  reduced  under 
the  same  circumstances  (Mann  and  White  1993).  In  this 
paper  we  make  direct  quantitative  comparisons  of  the 
two  techniques  in  NOz  and  discuss  the  application  of 
these  techniques  for  making  measurements  in 
combustion  environments. 


1.  INTRODUCTION 

In  recent  years  there  has  been  a  great  deal  of 
interest  shown  in  methods  of  detecting  minor  species  in 
combustion  environments.  Parameters  of  concentration 
and  temperature  are  often  required  in  these 
circumstances,  but  are  traditionally  difficult  to  obtain  in 
situ  in  hostile  environments.  Optical  methods  offer  the 
advantages  of  non-intrusive  measurements,  while  laser 
methods  offer  in  addition  high  spatial,  temporal  (pulsed 
lasers)  and  spectral  resolution.  In  particular  we  are 
aiming  to  detect  nitrogen  dioxide,  which  is  a  combustion 
product  known  to  cause  air  pollution,  photochemical 
smog,  acid  rain,  depletion  of  the  ozone  layer  and 
respiratory  complaints  (Bowman  1992).  Levels  of  NOz 
of  0.1-0.25  ppm  by  volume  are  considered  dangerous  for 
prolonged  exposure  (Streeton  1990). 

To  detect  nitrogen  dioxide  in  situ  in  a  burner,  in 
particular  k>x  NOx  burners,  we  need  to  be  able  to  detect 
low  concentrations  of  N02  in  an  environment  at 
atmospheric  pressure.  Severe  collisions!  quenching  is 


known  to  occur  in  this  molecule  with  the  addition  of 
modest  pressures  of  buffer  gas,  reducing  the 
effectiveness  of  fluorescence  techniques.  Techniques 
such  as  CARS  (see  for  example,  Greenhalgh  1987)  are 
useful  only  at  concentrations  greater  than  1%;  in  the 
case  of  N02  the  suspected  levels  are  less  than  10  ppm, 
so  this  technique  is  not  suitable. 

In  previous  work  (Mann  et  al.  1992)  we  have 
applied  the  non-linear  laser  method  of  DFWM  to  N02 
in  nitrogen  at  atmospheric  pressure,  achieving  good 
detection  limits  in  quantities  ranging  from  10,000  down 
to  1  ppm.  In  addition  two-dimensional  DFWM  images 
were  obtained  of  NOz  seeded  into  a  propane/air  flame. 
An  unexpected  result  of  this  work  was  the  apparent 
insensitivity  of  DFWM  to  collisional  quenching,  since 
the  addition  of  buffer  gas  increased  the  DFWM  signals. 
Further  work  (Mann  and  White  1993)  has  established  a 
qualitative  comparison  of  the  LIF  and  DFWM 
techniques  for  detection  of  nitrogen  dioxide  in 
increasing  quantities  of  buffer  gas.  These  results  showed 
the  expected  reduction  of  the  LIF  signal  with  increasing 
buffer  gas  (up  to  760  torr)  and  the  corresponding 
increase  of  DFWM  signal.  In  these  particular 
measurements  direct  comparison  could  not  be  made  as 
different  detectors  were  used,  so  only  the  trends  could  be 
compared.  In  addition  the  DFWM  results  were  taken 
under  conditions  of  saturation,  so  these  could  not  be 
compared  directly  to  former  results. 

In  this  work  we  report  quantitative  measurements 
for  boil  techniques  using  the  same  detector,  so  that  the 
results  can  be  directly  compared.  The  DFWM 
e'.periment  was  established  in  a  non -saturating  format  to 
ei  able  comparison  with  previous  results. 

2.  DFWM  TECHNIQUE 

DFWM  is  a  third  order  non-linear  technique,  used 
primarily  as  a  source  of  phase  conjugation  (see  Fisher 
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1983).  A  typical  beam  geometry  is  shown  in  Figure  1.  It 
is  also  an  excellent  spectroscopic  technique,  producing 
high  resolution  sub-Doppler  spectra.  The  three  input 
beams  and  the  output  phase-conjugate  signal  are  all  at 
the  same  wavelength,  hence  the  term  "degenerate".  The 
probe  beam  may  be  at  any  convenient  angle  since  phase¬ 
matching  is  automatic,  hence  the  technique  is  suitable 
where  optical  access  is  limited.  There  is  no  need  for  a 
90°  window  as  is  required  in  LIF. 


^  (0 

Non-linear  medium 

A2  (0 

forward  pump 

backward 

pump 

Fig.  1  Typical  beam  geometry  for  DFWM. 


3.  LIF  TECHNIQUE 

The  LIF  technique  involves  the  resonant  laser 
excitation  of  a  molecular  transition  followed  by  isotropic 
fluorescent  decay.  The  fluorescence  may  be  detected  over 
a  known  waveband  by  use  of  a  suitable  optical  filter.  In  a 
typical  experimental  set-up  the  detection  is  at  90°  to  the 
laser  excitation.  Inherent  problems  with  this  technique 
are  the  occurrence  of  Rayleigh  or  Mie  scattering  at  the 
resonant  wavelength  and  the  quantification  of  results, 
which  requires  a  detailed  knowledge  of  quenching  rates 
and  other  spectroscopic  terms.  The  problem  of  scatter 
can  be  eliminated  by  detecting  off-resonance,  although 
this  reduces  the  signal  intensity.  Quantification  requires 
a  number  of  approximations  and  assumptions  to  be 
made.  LIF  has  become  a  more  common  diagnostic  in 
recent  years  due  to  simplicity  of  experimental  set-up, 
detectibility  of  minor  species  and  its  more  recent 
extension  to  a  two-dimensional  imaging  format. 


4.  EXPERIMENTAL  METHOD 

The  LIF  experiment  was  set  up  as  in  Figure  2. 
Detection  was  achieved  from  the  side  window  of  the 
same  cell  used  for  DFWM.  The  DFWM  experiment  was 
set  up  using  the  format  shown  in  Figure  3.  A  fused  silica 
cell  was  used  with  a  window  at  each  end  and  one  on  the 
side  to  allow  LIF  detection.  This  cell  was  connected  to  a 
vacuum  pump,  pressure  gauges  and  gas  inlet  manifold. 
A  Questek  XeCl  excimer  laser  was  used  to  pump  a  dye 
laser  using  Coumarin  460  dye  in  methanol  giving  a 
tunable  range  of  450-480  nm.  The  DFWM  signal  was 
redirected  with  a  beam-splitter  and  detected  using  a 


photomultiplier  tube  (PMT)  situated  a  few  metres  from 
the  experiment.  An  improvement  on  previous  signal  to 
noise  levels  was  obtained  by  using  polarisation 
techniques.  The  laser  light  is  polarised  using  a  standard 
polariser.  The  back  pump  polarisation  is  then  arranged 
to  be  orthogonal  to  that  of  the  other  in-going  beams  by 
use  of  a  quarter  wave  plate,  in  this  case  a  non¬ 
wavelength  specific  rhomb.  The  signal  emerges  with  the 
polarisation  at  the  same  orientation  as  the  back  pump. 
Use  of  an  analysing  polariser  in  front  of  the  detector 
allows  efficient  discrimination  of  the  signal  beam  from 
any  forward  pump  or  probe  light  Additional  DFWM 
detection  was  performed  using  a  gated  (5  ns)  dual 
micro-channel  image-intensified  CID  camera  (ITT 
F4573/11123)  for  comparison  of  signal  strength  and 
detectibility  with  the  LIF  signals.  The  LIF  experiments 
were  performed  by  blocking  the  DFWM  probe  beam  and 
back-reflected  pump  and  detecting  the  signal  at  90°  to 
the  beam  using  the  same  PMT  and  two  collection  lenses. 
In  the  LIF  detection  a  coloured  glass  filter  (Schott 
OG590)  was  placed  in  front  of  the  PMT  to  eliminate 
scatter  from  the  exciting  laser.  Essentially  the 
experiments  were  designed  to  investigate  the  effect  of 
buffer  gas  (air  or  nitrogen)  on  the  signal  intensity  of 
both  DFWM  and  LIF  in  N02. 

For  both  techniques  the  cell  was  initially  filled 
with  pure  NOz,  to  a  pressure  of  7.6  torr.  Buffer  gas 
(nitrogen)  was  then  added  in  incremental  steps  and  a 
measurement  or  image  was  recorded  for  each  pressure. 
Previous  DFWM  buffer  gas  dependences  have  been 
carried  out  using  nitrogen  and  air  for  comparison  (Mann 
1991).  Further  LIF  experiments  were  then  performed 
using  air  as  buffer  gas  to  see  if  the  presence  of  oxygen 
modified  the  behaviour  of  N02  fluorescence. 

In  later  experiments  a  PMT  was  used  to  detect  both 
LEF  and  DFWM  signals  (Figures  2  and  3).  A  calibration 
of  the  PMT  was  performed  to  enable  comparison  of  gain 
levels.  LIF  and  DFWM  experiments  were  performed  as 
before,  investigating  the  buffer  gas  dependence  of  the 
two  techniques.  In  the  case  of  DFWM  the  experiment 
was  performed  under  conditions  of  non-saturation 
intensities  and  using  polarisation  discrimination  to 
improve  the  signal  to  noise  ratio. 

Simultaneous  DFWM  and  LIF  spectra  were  taken 
by  tuning  the  laser  in  increments  of  0.001  nm  and 
collecting  a  signal  averaged  over  32  shots.  A  photodiode 
was  used  for  DFWM  signal  detection  and  the  PMT  for 
LIF  detection.  Both  signals  were  processed  via  a  boxcar 
and  computer.  The  process  was  computer  controlled 
using  in-house  developed  software. 

In  a  further  experiment  the  intensified  CID  camera 
was  used  in  place  of  the  PMT  to  capture  independently 
the  images  produced  by  the  DFWM  and  LIF  signals. 
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These  were  repeated  for  pure  N02  and  for  N02  with 
buffer  gas  (nitrogen  or  air)  at  atmospheric  pressure. 
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5.  RESULTS 

A  dependence  of  DFWM  signal  against  laser 
intensity  was  performed  using  N02  in  buffer  gas  at 
atmospheric  pressure  (best  signal  situation).  It  was  found 
to  have  a  gradient  of  2.1  (not  shown).  The  dependence 
of  DFWM  signal  on  laser  intensity  gives  an  indication  of 
power  saturation  of  the  experiment  In  DFWM  a  cubic 
dependence  is  expected  in  a  non-saturated  region  due  to 
the  three  input  beams.  The  quadratic  dependence  of  the 
DFWM  signal  on  the  laser  intensity  is  consistent  with 
that  observed  by  Garni  an  and  Dunn-Rankin  (1993)  and 
is  indicative  of  the  regime  where  thermal  gratings  are 
the  dominant  source. 

Figure  4  shows  a  calibration  curve  for  the  PMT 
used  in  the  experiments.  This  has  been  used  to  compare 
signals  obtained  at  different  PMT  gain  settings. 


Fig.  2  Schematic  of  LfF  experiment 


beam  stop 


Fig.  3  Schematic  of  DFWM  experiment.  Ml,  M2,  M4 
are  high  reflectors  at  45°.  M3  at  90°.  BS  is  a  beam¬ 
splitter  and  P  is  a  polariser. 
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Fig.  4  Calibration  curve  for  the  PMT  detector 


Figure  5  shows  the  dependence  of  (a)  DFWM 
signal  and  (b)  LEF  signal  on  buffer  gas  pressure  for 
nitrogen  dioxide.  In  DFWM  experiments  the  PMT  gain 
setting  was  only  7  compared  with  20  required  for  the 
LIF  detection.  In  terms  of  trends  the  DFWM  signal 
increased  slightly  then  decreased  at  low  buffer  gas 
pressures,  then  rises  after  150  torr  of  buffer  gas, 
increasing  until  measurements  were  stopped  at 
atmospheric  pressure.  These  results  are  consistent  with 
those  seen  in  previous  experiments  (Mann  et  al.  1992; 
Mann  and  Proctor  1992).  The  LIF  signal  decreases 
continuously  as  buffer  gas  is  added.  The  effect  is  greater 
when  nitrogen  is  replaced  by  air.  At  atmospheric 
pressure  the  signal  to  noise  ratio  (S:N)  is  -1:1, 
compared  with  S:N  of  1000:1  for  DFWM  at  the  same 
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pressure.  However  for  pure  N02  the  signal  to  noise  ratio 
was  5000: 1  for  LIF  compared  to  -4: 1  for  DFWM. 
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Fig.  5(a)  Graph  of  dependence  of  DFWM  signal  in  N02 
on  buffer  gas  (bitrogen)  pressure,  PMT  gain  7.  (b) 
Graph  of  dependence  of  UF  signal  in  N02  on  buffer  gas 
pressure  (air  or  nitrogen),  PMT  gain  20.  The  lines 
shown  are  lines  of  best  fit.  In  both  cases  the  same 
quantity  (7.6  torr)  of  N02  was  used.  Buffer  gas  was 
added  in  small  increments  up  to  760  tore  total  pressure. 


However  previous  individual  spectra  were  normalised  to 
laser  intensity  and  tended  to  show  the  same  spectral 
features  with  only  slight  intensity  variations.  The  laser 
intensity  variations  were  minimised  by  collecting  data 
over  32  shots  for  each  laser  grating  position. 

DFWMrifMl/au  UF«i*ml/»u 


Fig.  6  Simultaneous  DFWM  and  LIF  excitation  spectra 
in  N02.  The  LIF  lines  are  coincident  with  the  DFWM  at 
some  peaks  and  are  difficult  to  distinguish. 


Figure  7  shows  images  taken  of  LIF  and  DFWM  in 
NOj  to  demonstrate  the  signal  to  noise  ratio  obtained  in 
each  case.  Figures  7a  and  b  are  LIF  images  in  pure  N02 
and  N02  with  nitrogen  buffer  gas  respectively.  Camera 
gain  has  increased  from  4.2  to  6.4  with  an  increased 
background  noise  level.  When  air  was  used  as  buffer  gas 
the  LIF  signal  could  not  be  distinguished  from 
background  noise  for  pressures  above  250  tore.  Figures 
7c  and  d  show  images  of  DFWM  signal  in  pure  N02  and 
N02  in  atmospheric  pressure  of  nitrogen  respectively.  In 
this  case  the  gain  of  the  camera  was  reduced  from  4.0  to 
1.4.  Although  the  signal  to  noise  ratio  was  poor  (about 
2:1)  in  Fig  7c,  with  the  addition  of  N2  in  7d  the  signal  to 
noise  ratio  was  greater  than  2000:1. 


Figure  6  shows  a  DFWM  spectrum  of  5  tore  of 
pure  N02  taken  over  the  455  nm  region,  which  appears 
to  be  consistent  with  previous  DFWM  spectra  (Mann  et 
al.  1992)  in  terms  of  line  positions,  although  intensities 
appear  to  vary.  A  simultaneous  LIF  spectrum,  recorded 
with  the  PMT,  is  shown  on  the  same  figure. 
Unfortunately  it  was  not  possible  to  monitor  laser 
intensity  simultaneously  as  only  two  channels  were 
available  on  the  boxcar  and  data  collection  system,  so 
these  spectra  are  not  normalised  to  laser  intensity. 


6.  DISCUSSION 

The  initial  decrease  in  DFWM  signal  with 
increasing  buffer  gas  pressure  (Figure  5a)  is  thought  to 
be  due  to  the  effect  of  pressure  broadening.  This  effect 
has  been  qualitatively  modelled  (Mann  1991;  Mann  and 
Proctor  1992)  and  shows  such  a  decrease  for  low 
pressures  of  buffer  gas.  The  decreasing  signal  would 
continue  with  increasing  buffer  gas,  but  as  more  buffer 
gas  is  introduced  the  effect  of  thermal  gratings  becomes 
the  dominant  signal-producing  process. 
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Fig.  7  Images  taken  with  intensified  CID  camera,  (a) 
Line  LIF  in  7.6  torr  of  N02,  camera  gain  4.2.  (b)  Line 
LIF  in  1%  N02  in  nitrogen  at  760  torr,  gain  6.4.  (c) 
DFWM  signal  in  7.6  torr  N02,  gain  4.0.  It  is  difficult  to 
distinguish  the  signal  (brighter  area)  from  the  noise,  (d) 
DFWM  in  1%  N02  in  nitrogen  at  760  torr,  gain  1.4.  In 
this  image  the  central  white  zone  is  all  signal. 


These  longer-lived  gratings  are  produced  by  molecules 
in  the  ground  state  with  different  Boltzmann 
temperatures,  and  are  not  subject  to  the  collisional  de¬ 
excitation  which  is  the  dominant  process  in  washing  out 
the  initial  population  grating.  (The  assumption  made 
here  is  that  the  molecular  motion  is  a  slower  process 
than  collisional  de-excitation.  Calculations  using  our 
particular  configuration  suggest  a  forward-grating 
spacing  of  6  x  10*  m  which  is  large  compared  with  the 
mean  distance  between  collisions  for  low  pressures.)  A 
model  of  these  processes  is  being  developed  in 
conjunction  with  R.  J.  S.  Morrison,  Monash  University. 

While  the  exact  process  causing  this  increase  in 
DFWM  signal  has  yet  to  be  definitively  modelled,  the 
result  is  the  improved  detection  of  N02  at  higher  buffer 
gas  pressures  up  to  atmospheric  pressure.  This  increased 
signal  gives  DFWM  an  advantage  over  LIF  detection  of 
this  molecule  for  higher  pressure/atmospheric  pressure 
environments.  In  particular  applications  such  as  imaging 
of  N02  seeded  into  an  atmospheric  pressure  flame/flow 
have  been  achieved  (Mann  et  al  1992),  whilst  LIF 
imaging  and  detection  of  this  molecule  have  tended  to 
be  at  low  pressures  or  in  rotationally  cooled  conditions 
(Sugimoto  et  al.  1984). 

For  low  pressures  of  buffer  gas,  less  than  100  torr 
for  example,  LIF  would  still  be  the  preferred  method  of 
detection. 

Figure  6  shows  simultaneous  DFWM  and  LIF 
spectra  in  pure  N02.  Both  spectra  are  in  good  agreement 
with  that  of  Mann  el  al.  (1992)  and  Sugimoto  et  al. 
(1984),  which  was  used  to  assign  the  original  spectra  in 
Mann  et  al.  (1992).  For  spectroscopic  purposes,  DFWM 
gives  sub-DOppler  spectra,  and  the  DFWM  lines  in 
Figure  7  are  observed  to  be  narrower  than  those  of  the 
LIF  trace. 

In  Figure  7  we  aim  to  show  the  advantages  or 
disadvantages  of  the  two  techniques  far  imaging 
purposes.  Although  the  LIF  technique  is  the  simplest  to 
set  up  in  an  expanded  form  (we  have  just  taken  line  LIF 
images  here,  not  in  a  planar  format)  the  signal  to  noise 
ratio  deteriorates  rapidly  with  increasing  buffer  gas 
(Figures  7a  to  7b).  The  gain  of  the  camera  bad  to  be 
increased  from  4.2  to  6.4  in  order  to  obtain  an  image  for 
buffer  gas  pressure  of  760  torr  (Figure  7b).  According  to 
the  camera  gain  information  the  gain  indicated  on  the 
camera  dial  is  equivalent  to  a  gain  increase  by  a  factor  of 
10.  In  contrast  the  DFWM  images,  which  were  taken  by 
aiming  the  signal  beam  into  the  camera,  bad  an  initial 
gain  of  4.0  (Figure  7c)  decreasing  to  1.4  for  the 
atmospheric  pressure  case  (Figure  7d),  which  is  a 
decrease  in  gain  required  by  a  factor  of  approximately 
15.  At  atmospheric  pressure  this  reflects  the  much  better 
s  gnals  obtained  for  DFWM  compared  to  UF  but  for 
pure  N02  the  similar  gains  required  for  LIF  and  DFWM 
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indicate  similar  signal  levels  for  the  two  techniques  for 
this  condition.  However  the  background  noise  of  the  LiF 
in  pure  N02  is  virtually  zero,  whereas  with  the  DFWM 
some  scatter  has  been  observed.  This  scatter  could  be 
minimised  by  a  more  careful  imaging  set-up  and  the  use 
of  polarisation  to  eliminate  forward  scatter,  as  in  the 
experimental  arrangement  shown  in  Figure  3. 


7.  CONCLUSIONS 

The  usefulness  of  LIF  for  certain  molecules  is 
limited  by  factors  such  as  quenching,  or  lack  of  a 
fluorescing  transition.  In  this  case  other  techniques  have 
to  be  adopted,  and  DFWM  is  currently  being 
investigated  by  several  groups  as  a  useful  alternative  for 
minor  species  detection.  In  the  particular  case  of  N02  it 
has  been  demonstrated  that  LIF  is  not  the  preferred 
method  for  detection  of  minor  concentrations  in 
atmospheric  pressure  situations,  particularly  in  air,  due 
to  collisional  quenching.  However  DFWM  appears  to  be 
a  viable  alternative,  with  increased  sensitivity  at 
atmospheric  pressure.  In  addition  DFWM  provides  a 
sensitive  method  for  2-dimensional  imaging  of  N02 
particularly  under  atmospheric  pressure  conditions.  As  a 
spectroscopic  technique  in  pure  N02  the  DFWM 
spectrum  shows  narrow,  easily  identified  lines  when 
compared  with  the  corresponding  LIF  spectrum. 
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ABSTRACT 

When  a  shock  wave  passes  normally  through  an 
interface  between  two  fluids  of  different  densities,  the 
hydrodynamic  instability  leads  to  turbulent  three- 
dimensional  mixing  zone.  Temperature  and 
concentration  are  determinated  through  this  mixing 
zone  by  a  multidirectional  laser  absorption  technique, 
in  a  double  diaphragm  shock  tube.  Absorption 
coefficients  of  two  characteristic  vibrational-rotational 
lines  of  the  CO2  bending  mode  are  measured  using  a 
continuous  wave  CO2  laser  as  a  diagnostic  probe. 
Average  thermodynamic  parameters  have  been 
previously  determinated  across  the  mixing  zone  by  a 
monodirectional  laser  absorption  method.  Here, 
temperature  and  concentration  within  the  mixing  zone 
are  obtained  in  different  regions  of  shock  tube  cross 
section,  in  order  to  get  some  information  on  the 
influence  of  the  wall  effects  on  the  development  of  the 
mixing  zone. 


1.  INTRODUCTION 

One  of  the  fundamental  problems  of  nuclear 
fusion  by  inertial  confinement  is  the  birth  and  growth 
of  a  turbulent  mixing  zone  between  the  shell  material 
and  the  combustible.  This  mixing  zone,  connected  to 
the  hydrodynamic  instability,  called  Richtmyer- 
Meshkov  instability,  contributes  to  decrease  the 
efficiency  of  the  nuclear  reaction.  Our  shock  tube 
experiment  is  the  monodimensional  application  of  this 
phenomenon.  We  study  the  evolution  of  such  a  mixing 
zone  originated  from  the  shock  wave  acceleration  of  a 
plane  interface,  which  initially  separates  two  gases  of 
different  densities.  Most  of  experimental  works  carried 
out  in  the  framework  of  the  Richtmyer-Meshkov 
instability  give  only  qualitative  informations  of 
turbulent  mixing  zone  such  as  Schlieren  photographs. 
This  technique  has  been  used  to  observe  the  evolution 
and  the  thickness  of  the  mixing  zone.  But  the  wall 


effects  and  the  three  dimensional  nature  of  the 
phenomenon  alter  the  thickness  measurements.  Up 
to  the  present  time,  to  obtain  quantitative  informations, 
such  as  thermodynamic  parameters,  new  techniques 
are  undertaken  as  X-Ray  densitometry  (Bonazza  et  al. 
1993  and  Rodriguez  et  al.  1993)  or  Planar  Laser 
Induced  Fluorescence  (Jacobs,  1993).  In  our 
experimental  study,  a  multidirectional  laser  absorption 
technique  (Wang,  1976)  is  developed  for  simultaneous 
determination  of  temperature  and  concentration 
profiles  within  a  Richtmyer-Meshkov  gaseous  mixing 
zone.  This  experimental  method  is  essentially  based  on 
the  measurements  of  the  absorption  of  2  continuous 
wave  CO2  laser  lines  by  the  C02  in  C02/Ar  or 
CXVHe  mixing  zones. 


2.  PRINCIPLE  OF  MEASUREMENT 

The  absorption  of  an  isolated  line  (frequency  v)  is 
related  to  the  absorption  coefficient  av  by  the  relation 
I=Iq  exp(-OvL),  where  Io  and  I  are  the  laser  intensities 
before  and  after  absorption  respectively  and  L  is  the 
length  of  the  absorbing  medium.  The  absorption 
coefficient  depends  on  the  temperature  and  the  density 
at  a  determinated  frequency  of  the  absorbing  medium. 
av  =  a(p,T,  v) 

With  two  measurements  at  2  different  frequencies, 
the  resolution  of  a  system  of  2  equations  with  2 
unknowns  (temperature  and  density)  allows  the 
determination  of  mean  temperature  and  density 
profiles  within  the  medium. 

av,  =  a(p,T,  v,) 

oV2  =  a(p,T,  v2) 

Absorption  coefficient  calculation  is  made  with  a 
Voigt  profile  hypothesis  for  the  C02  laser  line.  This 
expression  also  take  into  account  the  C02  hot  bands 
absorption  and  is  defined  by  (Fortes  et  al.  1994) : 
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regions  where,  in  each  one,  we  consider  the  mixing  to 
be  homogeneous.  Figure  1  shows  the  different  laser 
cross  beams  in  the  9  regions  with  5  different 
experimental  configurations. 


so  %  4  SO  % 


where  p  and  T  are  the  density  and  temperature  of  C02 
respectively. 

The  different  used  symbols  are  :  v„  the  frequency  of 
CO2  laser  line,  IR 1 2*^  a  spectral  characteristic  equal  to 
1.37  10~-*9  erg  cm3  (Strilchuk  &  Offenberger  1974),  j 
the  rotational  number, 

l^±,|2  =  2^TforaRline’ 

K-;±.|2  =  2^TforaPIine- 

the  vibrational  partition  function  of  CO2,  a  the  Voigt 
coefficient  (2<a<4),  0j  the  i,h  mode  characteristic 
temperature,  j,  the  rotational  number  of  i,h  the  hot 
band,  j’=0  for  a  R  line  and  j’=l  for  a  P  line,  kj  is  the 
difference  between  the  CO2  laser  line  centre  and  hot 
band  centre,  IR'12^  the  power  of  i,h  hot  band  (i=0  for 
the  central  band  and  then  kj=0),  Avc  and  Avq  the 
collisional  and  the  Doppler  spectral  width 
respectively. 

Previous  temperature  and  concentration  profiles 
have  been  determined  within  a  CCtyAr  mixing  zone 
(Houas  et  al.  1987).  But  these  thermodynamic 
parameters  were  integrated  through  the  mixing  zone, 
along  a  thin  cylinder  which  represents,  in  fact,  the 
laser  beam  across  the  test  section  In  the  present  work, 
since  the  mixing  zone  is  of  course  non  homogeneous, 
we  have  divided  the  test  chamber  cross  section  into  9 


Figure  1  :  The  different  cross  beam  configurations 
through  the  shock  tube  cross  section 


Using  2  different  laser  lines,  the  total  experiment 
number  is  10.  The  measurements  must  be  solved  in  a 
proper  order.  For  example,  in  the  present  arrangement, 
regions  (1,1),  (3,3),  (3,1)  and  (1,3)  can  be  solved 
independently,  but  the  other  zones  (1,2),  (3,2),  (2,1), 
(2,3)  and  (2,2)  may  only  be  processed  in  that  order. 
For  the  last  case  (2,2),  we  determine  the  absorbed 
energy  through  2  different  optical  ways  (Configuration 
5),  in  order  to  evaluate  the  validity  of  the  present 
diagnostic  method. 


3.  EXPERIMENTAL  SET-UP 

Experiments  are  performed  in  a  double  diaphragm 
shock  tube  about  8  m  total  length.  The  test  chamber  is 
8.5  cm  by  8.5  cm  square  cross  section  and  its  length  is 
variable  from  80  to  150  cm.  The  test  gases  are  CO2, 
because  of  its  spectroscopic  properties,  and  Argon  or 
Helium  because  they  present  no  infrared  absorption  in 
the  domain  of  our  experiments.  They  are  initially 
separated  by  a  thin  plastic  membrane  (1.5pm 
thickness).  The  SAT  C7  continuous  wave  COi  laser 
(8 Watts,  beam  diameter  2mm  and  3.1mrd  divergence) 
is  stabilized  on  a  suitable  chosen  line.  Ge  and  ZnSe 
attenuators  are  used  so  that  the  incident  beam  power  is 
less  than  10m Watts.  The  infrared  detectors  type 
CdxHg„Te  centred  on  10.6pm  are  cooled  with  liquid 
nitrogen.  A  frequency  analyser  gives  a  check  on  the 
used  band  (P20  and  R12  lines).  The  absorption  signals 
are  recorded  by  a  digitising  oscilloscope  and  processed 
by  an  IBM  PC  486  DX  50MHz  for  temperature  and 
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concentration  calculations.  Figure  2  presents  a  sketch 
of  the  general  experimental  set-up. 


have  been  realised  at  the  550  mm  abscissa,  for  2 
couples  of  test  gases  :  CCb/Ar  and  CCtyHe  with  Mach 
number  5  in  the  CO2. 


CO,  U«T 
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Figure  4a  :  (x,t)  diagram  COj/Ar  Mach  5 


- Shock  waves  -  -  Mixing  zone  - Rarefacuon  waves 
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Figure  4b  :  (x,t)  diagram  CC>2/He  Mach  5 


Figure  2  :  Sketch  of  the  experimental  set-up  4  RESULTS  AND  DISCUSSION 


Figure  3  shows  typical  absorption  signals. 
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Figure  3  :  Example  of  absorption  signals  for  the 
CO2 /He  mixing  zone  at  Mach  number  5 


Figures  4a  and  4b  give  the  experimental  wave 
diagrams,  where  x=0  and  t=0  correspond  to  the  initial 
interface  position  and  the  instant  of  oscilloscope 
triggering  respectively.  Absorption  measurements 


Figures  5  and  6  present  mass  concentration 
profiles  and  normalized  temperature  of  CO2  in  the 
C02/Ar  and  CC^/He  mixing  zones  for  an  incident 
shock  wave  Mach  number  in  CO2  of  5.  As  preliminary 
results  have  shown  that  the  mixing  zone  presents  a 
significant  symmetry  in  the  4  comers  of  the  shock  tube 
and  near  the  walls  (Touat  et  al.  1993),  we  present  here 
only  results  obtained  in  one  comer,  near  one  wall  and 
in  the  centre  of  the  lube. 


Figure  5a  :  Concentration  profiles  -  CCtyAr  Mach  5 
Mixing  zone  velocity  =  1  lOOm/s 
Initial  pressure  Pc02  =  ?Ar  =  2000Pa 
Atwood  number  =  -0.34 
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Figure  5b  :  Normalized  temperature  profiles 
CCMAr  Mach  5 
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As  we  can  see,  each  concentration  profile  in  the  centre 
of  the  tube  (Figures  5a  and  6a)  can  be  devided  in  3 
different  regions.  In  the  first  one,  which  corresponds  to 
about  5%  (for  CC^/He  mixing  zone)  to  20%  (for 
CCtyAr  case)  of  the  total  thickness  of  the  mixing  zone, 
the  monatomic  gas  is  preponderant.  The  third  region, 
about  40%  for  the  2  mixing  zones  tested,  shows  a 
preponderance  of  CO 2  since  in  this  region  we  obtain 
more  than  95%  of  CO2.  In  the  second  region,  which  is 
between  the  first  and  the  third  one  (approximately  half 
of  the  mixing  zone  thickness  for  the  2  cases)  we 
observe  a  variation  of  the  concentration  from  5%  to 
95%.  In  our  opinion,  this  region  corresponds  to  the 
effective  mixing  zone  far  from  the  influence  of  the 
wall  effects.  With  these  considerations,  we  can 
conceive  2  three  dimensional  aspects  of  the  mixing 
zone  shape  in  the  shock  tube  compatible  with  the 
concentration  profiles  and  which  point  out  the  wall 
effects.  The  mixing  zone  develops  between  2  regions 
which  are  directly  governed  by  the  wall  effects  as 
show  below : 


Figure  6a  :  Concentration  profiles  -  CC^/He  Mach  5 
Mixing  zone  velocity  -  1485m/s 
Initial  pressure  Pc02  =  F*He  =  2000Pa 
Atwood  number  =  -0.83 
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Figure  6b  :  Normalized  temperature  profiles 
COo/He  Mach  5 


First,  the  2  profiles  obtained  in  the  centre  for  2 
different  optical  ways  in  CCtyAr  mixing  zone,  are 
very  similar  and  validate  the  multidirectional 
diagnostic  laser  method.  From  an  other  hand,  the 
different  profiles  obtained  in  each  zone,  give  some 
information  on  the  influence  of  the  boundary  layer  and 
the  three  dimensional  aspect  of  the  turbulent  mixing 
zone.  Effectively,  the  mixing  zone  thickness  is  not 
homogeneous.  As  we  can  see,  the  thickness  of  the 
CCtyA r  mixing  zone  is  about  30  mm  in  the  comer,  1 2 
mm  near  the  wall  and  10  mm  in  centre.  For  the 
COj/He  case,  we  obtain  25  mm  in  the  comer,  16  mm 
near  the  wall  and  1 5  mm  in  the  centre.  Furthermore, 
with  this  new  technique,  we  can  observe  that  thickness 
measurements  by  Schlieren  visualizations  were  over 
evaluated  (Houas  et  al.  1994). 

Let  us  consider  now  the  mass  concentration  profiles. 


Flow 


The  normalized  temperatures  T*  for  the  2  tested 
mixing  zones  are  presented  on  figure  5b  and  6b,  where 
T-Tco 

T*  is  defined  by  :  T*  = - — — ,  X  =  Ar  or  He.  In 

T  —  T 

Ix  lco2 

the  centre,  the  influence  of  shock  tube  walls  is  really 
negligible  and  the  associated  profile  are  almost  linear. 
Near  the  walls,  the  influence  of  the  boundary  layer, 
probably  turbulent  for  CCtyAr  mixing  and  probably 
laminar  for  C02/He  mixing,  and  the  corner  effects 
can  explain  the  different  temperature  profiles  in  the 
first  case  and  the  similar  ones  for  the  CC^/He  mixing 
zone.  Thus,  it  is  probable  that  in  the  first  case  the  laser 
beam  near  the  walls  (Configurations  3  and  4  -  Figure 
1)  crossed  close  to  boundary  layer  and  is  more  far 
from  it  in  the  CC^/He  case.  Presently,  in  the  corner, 
the  superposition  of  boundary  layer  and  angle  effects 
with  the  complexity  of  the  laser  cross  beam  do  not 
warrant  to  explain  correctly  the  results. 
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5.  CONCLUSION 

The  multidirectional  laser  absorption  technique  is 
available  for  thermodynamic  parameters  study  in 
shock  tube  experiments.  The  different  profiles 
measured  within  different  regions  of  the  shock  tube 
cross  section  give  some  informations  on  the  wall 
boundary  layer  and  shock  tube  corners  influences. 
These  profiles  also  constitute  a  data  basis  for 
Richtmyer-Meshkov  instability  numerical  simulation 
codes.  Moreover,  mixing  zone  thickness  measured  at 
this  abscissa  by  Schlieren  technique  can  be  corrected 
by  a  factor  0.5.  The  quantitative  influence  of  wall 
effects,  difficult  to  evaluate  by  Schlieren  techniques, 
are  clearly  pointed  out  with  the  multidirectional  laser 
absorption  method.  Simultaneous  measurements  with 
3  detectors  are  presently  undertaken  to  provide  the 
time  delay  in  the  3  signals  and  to  obtain  a  real  three 
dimensional  view  of  the  mixing  zone  thickness. 
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ABSTRACT 

The  CN  radical  is  present  in  a  wide  variety  of 
complex  gaseous  environments  at  temperatures  up  to 
10,000K  and  is  of  prime  interest  in  many  instances 
of  astrophysical  and  terrestrial  interests  such  as 
stellar  atmospheres,  afterglow  discharges, 
combustion  processes  and  planetary  entry  probes. 
The  Huygens  probe  will  enter  the  Titan  atmosphere 
which  is  mainly  composed  of  Nitrogen  (up  to  90%), 
Argon  (more  than  10%)  and  Methane  (nearly  5%) 
and  will  be  submitted  to  conditions  corresponding  to 
a  Mach  20  flow.  Emission  and  absorption 
measurements  of  the  main  electronic  transitions  of 
CN  molecules  have  been  planned  to  determine  the 
different  thermochemical  properties  such  as  non¬ 
equilibrium  temperatures  and  concentration.  Tests 
are  performed  in  the  shock-tube  of  the  Marseilles 
ffee-piston  hypersonic  facility  which  allows  to 
produce  high  Mach  numbers  without  any  combustion 
or  pre-heater  device  that  might  contaminate  the  test 
gas. 


1.  INTRODUCTION 

The  NASA-ESA  planetary  mission  "Cassini" 
planned  to  explore  Saturn  and  its  satellites,  consists 
of  an  Orbiter  and  a  Probe.  The  so-called  Huygens 
probe  will  be  released  from  the  Orbiter  and  enter 
Titan's  atmosphere  at  a  velocity  of  about  6  km/s.  The 
probe  will  be  submitted,  during  its  deceleration,  to  a 
high  temperature  environment  that  generates  a  severe 
radiating  heat  flux.  Titan's  atmosphere  is  composed 
of  Methane  in  amounts  that  do  not  exceed  3  or  4%  in 
the  most  portion  of  the  atmosphere,  but  could  reach 
10  %  near  the  ground.  Argon  is  also  present  in  the 
atmosphere  but  the  exact  concentration  has  not  been 
exactly  determined,  and  could  be  in  the  range  of  0  to 


20  %.  The  main  component  is  Nitrogen  which  may 
be  up  to  90  %  in  Titan's  atmosphere  composition. 

The  temperature  of  the  flow  field  behind  the 
shock  wave  is  high  enough  to  transform  the  gas  in 
the  shock  layer  into  an  ionised  plasma  composed 
mainly  of  N2,  N,  C,  CH,  CN,  H,  NH,  Ar  and  their 
associate  ionised  species  as  well  as  electrons.  The 
shock  stand-off  distance  is  small  so  that  the  shock 
layer  plasma  is  not  in  thermal  equilibrium  (Park, 
1992),  and  the  assumption  of  thermal  equilibrium 
leads  to  underestimated  radiative  heating  compared 
to  experimental  data  (Park,  1988).  The  CN  molar 
fraction  in  the  plasma  is  such  that  the  radiative  heat 
flux  is  mainly  due  to  spontaneous  emission  of  the  so- 
called  CN  violet  band  (B2Z*-»X2r). 

The  Marseille  free-piston  facility  can  be 
easily  tuned  to  match  the  entry  conditions  of  the 
Huygens  probe.  The  non-equilibrium  shock  layer 
conditions  are  produced  behind  a  normal  shock  wave 
propagating  in  the  shock  tube.  An  example  of  the 
non-equilibrium  temperatures  calculated  behind  a 
Mach  16  incident  shock  wave  is  given  in  figure  1 
(Baillon  et  al.,  1992). 


Figure  I :  Evolution  of  the  non-equilibrium 
temperatures  in  the  normal  shock  layer 
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The  aim  of  this  work  is  to  determine  the  non- 
equilibrium  radiative  heat-flux  of  the  CN  molecules 
in  the  shock  layer  and  to  deduce  temperatures  and 
concentration  evolution  for  different  mixtures  by 
means  of  emission  and  absorption  measurements. 
For  moment,  only  emission  measurements  are 
conducted  and  a  set  of  different  mixtures  are  tested 
to  find  which  can  be  the  most  severe  radiative 
environment  for  the  Huygens  probe. 


2.  EXPERIMENTAL  SET-UP 


2. 1  Facility  description 


platinum  resistance  gauges  and  the  downstream 
pressure  with  a  PCB  piezoelectric  gauge  model 
A113-A21. 


2.2  Optical  system 

The  optical  apparatus  for  emission  recording 
is  shown  in  figure  3.  The  emitted  light  is  focused 
into  an  optical  fibre  through  a  rectangular  slit  of  S00 
pm  width  by  a  50  mm  focal  lens.  The  solid  angle  of 
light  collection  is  less  than  15.1 0 3  sr  and  the  spatial 
smearing  at  the  centre  of  the  shock  tube  is  about  0.8 
mm.  The  reception  rectangular  optical  fibre,  which  is 
200  pm  width,  is  imaged  on  the  entrance  slit  of  the 
Chemy-Tumer  640  mm  monochromator. 


Experiments  are  conducted  in  the  TCM2  free- 
piston  shock  tube  which  is  presented  in  figure  2. 
Initial  pressures  are  40  bar  in  the  air  reservoir  and  3 
bar  of  helium  in  the  compression  tube.  The  piston 
weight  is  12  kg  and  the  burst  pressure  of  the 
diaphragm  separating  the  shock  tube  from  the  driver 
tube  is  120  bar.  Different  upstream  compositions 
have  been  tested  which  correspond  to  four  different 
concentration  of  Argon:  0%,  5%,  10%  and  20%.  The 
methane  molar  fraction  is  constant  in  each  case  and 
is  equal  to  3%  and  the  nitrogen  molar  fraction 
correspond  to  the  stcechiometric  composition.  The 
mixtures  have  been  previously  prepared  with  an 
accuracy  of  less  than  2  %  for  the  molar  fraction  of 
each  species.  Before  the  filling  of  the  shock  tube,  a 
vacuum  of  Ifr*  mb  is  generated  by  a  turbo-molecular 
pump.  The  initial  filling  pressure  of  the  test  mixture 
is  2  mb  so  that  the  theoretical  Mach  number  is  about 
18.  Bursting  pressures  have  been  shown  to  be 
reproduced  within  1%  by  a  special  scoring  device 
(Labracherie  et  al.,  1993).  The  test  section  is  located 
in  the  shock  tube  3.5  m  downstream  of  the 
diaphragm.  The  shock  tube  is  70  mm  internal 
diameter  and  6  m  long.  The  windows  of  the  test 
chamber  are  BK7  glass  10  mm  thick  and  20  mm 
diameter. 


Figure  3:  Optical  apparatus 


Air  Reservoir  Compression  lube  Shock  tube  Dump  tank 


Figure  2:  Scheme  of  the  Marseille  facility 


The  shock  velocity  at  the  test  chamber 
location  is  measured  with  three  wall-mounted 


The  dimension  of  the  grating  is  10  cm  x  10 
cm,  ruled  to  3200  lines/mm;  thus  the  linear 
dispersion  is  about  3.7  A/mm  at  4000A.  A  special 
apparatus  has  been  designed  for  the  monochromator 
exit  and  consists  of  three  rectangular  optical  fibres 
which  materialize  three  exit  slits.  This  system  is 
shown  in  figure  4.  The  width  of  each  fibre  is  200  pm 
and  the  horizontal  spacing  between  the  slits  has  been 
fixed  to  fit  in  with  three  spectral  lines  of  interest. 
This  system  is  particularly  attractive  in  reducing  the 
number  of  shots  needed  and  especially  because  the 
three  scanned  wavelengths  correspond  to  identical 
experimental  conditions. 
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Figure  4:  Exit  slit  system  for  simultaneous 
wavelength  measurement 


The  light  emission  is  measured  with  three 
photo-multipliers  tubes  Hamamatsu  R105  UH  which 
have  been  chosen  for  their  great  sensitivity  in  the 
ultraviolet  region  and  because  of  their  very  fast  rise 
time  (<  10  ns).  Amplifying  circuits  have  been 
designed  to  produce  a  current/voltage  conversion  of 
4  mV/p  A  on  a  50  Q  load  resistance  with  a  rise  time 
smaller  than  100  ns.  The  PMT  signals  are  recorded 
by  a  four  channel  Tektronix  150  MHz  bandwidth 
oscilloscope. 


3.  EMISSION  MEASUREMENTS 

Emission  measurements  of  the  electronic 
transition  B2X*— >X2Z*  of  CN  molecules  are  first 
conducted  behind  the  incident  shock  wave 
propagating  in  different  test  mixtures.  The  Av=0 
band  is  especially  recorded  because  of  its  emission 
magnitude  compared  to  the  other  vibrational 
transitions.  Moreover,  no  overlapping  spectrum  from 
other  species  is  present  in  the  violet  system  of  CN 
except  from  the  first  negative  band  of  N2+  which  is 
very  low  due  to  the  weak  concentration  of  the 
ionised  species  (Baillon  et  al.,  1992). 

Figure  5  shows  a  typical  signal  obtained  at 
3880  A  with  a  10%  Ar  mixture  for  typical  run 
conditions  with  an  initial  low  pressure  of  2  mb.  The 
emission  signal  increases  until  the  electronic 
temperature  reach  a  maximum.  Then,  the  electronic 
temperature,  just  as  the  rotational  and  vibrational 
temperatures,  decreases  until  a  plateau  value  is 
reached.  In  fact,  this  plateau  value  cannot  be 
explained  by  an  equilibrium  value  because  the 
distance  behind  the  shock  is  too  small  to  allow 
thermal  equilibrium.  Wall  boundary  layer  and 
deceleration  of  the  shock  velocity  seem  to  be  the 
main  cause  for  this  early  stationary  plateau.  The  ratio 


of  the  peak  value  to  the  plateau  value  is  about  4, 
which  is  in  good  agreement  with  previous  analyses 
(Park  C.S,  1991). 


Emission  signal  /(Volts) 


time  /(s) 


Figure  5:  Typical  emission  signal 


These  measurements  are  used  to  calculate  the 
rotational  and  vibrational  temperature  evolution 
within  the  shock  layer.  The  three  scanned 
wavelengths  are  set  to  belong  for  two  of  them  to  the 
(0.0)  band  and  the  third  one  to  the  (1,1)  band  so  that 
the  rotational  temperature  can  be  determined  from 
the  ratio  of  two  intensities  recorded  in  the  same 
vibrational  band  and  the  vibrational  temperature 
from  ratio  of  intensities  measured  in  different 
vibrational  bands.  The  figure  6  shows  the  three 
simultaneous  emission  measurements. 


Emission  signal  /(Volts) 


time  /(s) 


Figure  6:  Simultaneous  measurements  of  emission 
signals 


The  intensities  ratio  in  the  P  branch  of  the 
(0,0)  band  depends  theoretically  only  on  the 
rotational  temperature  but  practically,  overlapping  of 
the  rotational  lines  prevents  from  obtaining  a 
relationship  between  measured  intensities  ratio  and 
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temperature.  Thus,  the  ratio  of  measured  intensities 
have  to  be  compared  with  the  calculated  one  for  a 
given  rotational  temperature.  The  true  emission 
spectrum  of  the  molecule  is  calculated  by  a  line  by 
line  method  (Arnold  et  al.,  1969)  and  is  convoluted 
with  the  measured  slit  function  of  the  optical  system. 
The  rotational  temperature  is  iterated  in  the  synthetic 
spectra  calculation  until  the  theoretical  intensities 
ratio  is  equal  to  the  experimental  one.  The  ratio  of 
experimental  intensities  (I3879.7A/I3875.8A)  and 
(I3879.7A/I3869.5A)  are  plotted  in  figure  7. 


Figure  7:  Experimental  ratios  b879.7A/l3875.8A 
(normal  solid  line)  and  I3879.7A/I3869.SA 
(bold  solid  line).  One  of  the  emission 
signal  is  shown  for  time  reference  (dashed 
line) 


In  the  same  way,  for  a  given  rotational 
temperature,  the  ratio  of  two  intensities  that  belong 
to  different  vibrational  transitions,  is  a  function  of 
the  vibrational  temperature  and  of  the  rotational 
temperature  which  has  been  determined  from  the 
previous  ratio. 

At  the  present  time,  a  disagreement  in 
experimental  intensities  has  been  found  and  the  total 
spectrum  of  the  Av=0  system  is  actually  recorded  to 
find  the  origin  of  the  discrepancy. 


5.  CONCLUSION 

As  a  provisional  conclusion,  the  CN  emission 
spectrum  of  the  violet  system  is  recorded  but  a 
disagreement  in  the  comparison  of  experimental 
results  with  theoretical  calculation  prevents  actually 
from  determining  rotational  and  vibrational 
temperature  profiles.  A  new  set  of  runs  is  needed  in 
the  Av=0  range  to  give  the  complete  qualitative 
spectrum  in  order  to  make  a  more  accurate 


comparison  with  emission  calculations  of  CN 
molecules. 

Absorption  measurements  which  allow  to 
deduce  both  electronic  temperature  and  CN 
concentration,  will  be  conducted  afterwards. 
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1  Abstract 

The  work  presented  in  this  paper  deals  with  the  capture  of  a 
qualitative  picture  at  the  same  time  as  stereo  PIV  data  is  being 
gathered.  In  this  way,  the  quantitative  data  provided  by  PIV  can 
be  put  into  the  qualitative  framework  provided  by  the  flow 
density  visualization  image. 

The  third  channel  of  a  colour  flame  grabber  system  was  used 
to  capture  a  shadowgraph  at  the  same  time  as  the  PIV  data  was 
gathered  at  a  speed  of  240m/s.  The  imaging  system  is  capable 
of  capuring  PIV  data  in  real  time  at  a  resolution  of  576*768 
pixels.  The  PIV  data  was  measured  on  a  RB-21 1  bypass  model 
using  a  Nd/YAG  double  pulse  laser.  Other  forms  of  flow  density 
techniques  are  currently  being  investigated  such  as  Schlieren  and 
Sheareography. 

2  Introduction 

The  development  of  a  PIV  system  previously  described  [31 
proved  very  successful  and  straight-forward  to  operate  as  a  stereo 
PIV  digital  system.  The  results  of  the  analysis,  however,  were 
still  considered  to  be  unsatisfactory;  as  they  could  not  be  set 
readily  into  an  overall  qualitative  framework.  It  was  noted  that 
at  least  one  extra  channel  was  readily  available  for  use  together 
with  the  3DPTV  system,  which  could  be  used  to  give  a  wider 
perpective  from  which  to  evaluate  the  more  quantitative  data 
provided  by  PIV. 

There  is  essentially  three  flow  density  visualisation  techniques. 
These  were  considered,  and  the  Shadowgraph/Schlieren  tech¬ 
nique  was  chosen  to  be  added  to  the  3DPIV  system.  The  system 
was  tested  at  the  new  Warwick  University  transonic  blowdown 
facility;  recently  instrumented  and  commisioned.  First  of  all,  the 
following  is  a  short  description  of  the  flow  density  visualisation 
techniques.  The  experimental  facility  is  then  described.  This  is 
followed  by  a  description  of  the  experiment  performed  to  test 
both  the  facility  and  the  new  setup  3DPIV  system  in  conjunction; 
which  involved  measurements  on  a  jet  bypass  model  of  an 
RB-21 1. 

3  Shadowgraph/Schlieren  technique* 

The  Shadowgraph  technique  is  the  simplest  in  terms  of  the 
complexity  of  the  optical  setup  needed  to  generate  the  shadow¬ 
graph  pictures.  In  this  setup  a  parallel  beam  is  generated  by  a 
lens  whose  focal  pram  coincides  with  a  point  light  source.  The 
parallel  light  beam  traverses  the  flow  field  under  investigation. 
The  intensity  distribution  in  the  light  beam  is  then  recorded  in  a 
plane  some  distance  from  the  region  of  interest.  Because  of  the 
refraction  of  the  light  rays  in  the  flow  field,  the  intensity 
distribution  in  the  recording  plane  will  deviate  by  A I(x,y)  from 
the  intensity  distribution  I(x,y)  which  would  have  been  recorded 


in  the  ab sense  of  any  refraction. 

It  can  be  shown  that  the  shadowgraph  technique  responds  to  the 
second  order  derivatives  of  the  density  in  the  flow  field.  The 
shadowgraph  technique  can  be  applied  to  visualize  shock  wave 
geometries  in  high-speed  flows.  Shock  waves  localize  surfaces 
in  the  flow  over  which  the  flow  parameters  vary  discontinously 
(assuming  inviscid  flow).  However,  flow  is  in  fact  viscous,  and 
so  experimentally  observed  shock  waves  have  a  finite  thickness. 
Shock  waves  will  be  reflected  in  the  shadowgraph  by  local, 
strong  intensity  fluctuations.  Another  application  of  interest 
involves  its  ability  to  visualize  density  variations  in  turbulent 
flow.  If  the  exposure  time  is  suitably  short,  turbulent  structures 
will  be  visible  as  a  grany  pattern.  However,  the  technique  has 
only  limited  ability  to  provide  quantitative  information.  From 
the  derived  equations,  it  follows  that  this  would  require  a  double 
integration  of  the  recorded  intensity  distribution.  Nevertheless, 
the  simplicity  of  the  required  optical  setup  has  made  it  a  widely 
applied  diagnostic  technique  where  a  quick  qualitative  overview 
of  the  flow  field  is  required. 

With  a  few  extra  optical  components,  the  shadowgraph  system 
can  be  expanded  to  the  Schlieren  system  of  Figure  1.  In  this 
optical  arrangement  the  light  beam  is  focussed  by  a  second  lens 
to  form  an  image  of  the  light  in  its  focal  plane.  A  camera  lens 
images  a  plane  in  the  region  of  interest  on  the  recording  plane. 
In  the  presence  of  a  variable  density  flow  field,  the  light  rays  will 
have  been  refracted.  Therefore,  the  image  of  the  light  source  in 
the  focal  plane  of  the  second  lens  will  be  displaced  from  the 
x-axis,  the  optical  axis  of  the  Schlieren  system.  If  the  refraction 
angle  of  a  particular  light  ray  is  equal  to  e  and  if  the  focal  length 
of  the  second  lens  is  equal  to  f,  then  the  displacement  will  be 
equal  to  f.tan(e).  By  positioning  a  spatial  filter  in  the  focal  plane 
of  the  second  lens,  the  refraction  of  the  individual  light  rays  in 
the  light  beam  caused  by  the  interaction  with  the  flow  field 
becomes  visible  in  the  recording  plane  as  a  midifield  intensity 
pattern:  the  Schlieren  picture.  The  intensity  in  the  recording 
plane  is  proportional  to  the  component  of  the  density  gradient  in 
the  flow  field  normal  to  the  knife-edge. 

In  summary,  the  shadowgraph  technique,  the  Schlieren  tech¬ 
nique  and  the  interferometric  technique  respectively  visualize 
the  integrated  value  of  the  second  order  derivative  of  density,  of 
the  first  order  derivative  of  the  density,  and  of  the  absolute 
density  in  a  three  dimensional  flow  field. 

Only  the  interferometric  technique  is  able  to  provide  accurate 
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Figure  1  Optical  Arrangement  of  Schlieren  System 


quantitative  data  (of  the  order  of -j^)  about  the  density  in  the  flow 

field  because  it  visualizes  the  density  distribution  as  a  fringe 
pattern  with  known  density  difference  between  the  fringes.  On 
the  other  hand,  it  requires  a  high  degree  of  skill  and  sophisticated 
equipment  to  perform,  as  well  as  being  very  difficult  to  cany  out 
in  an  industrial  environment.  Therefore,  since  the  solid  state  PIV 
system  developed  aims  to  be  portable,  quick  and  straight-for¬ 
ward  to  use,  the  Shadowgraph/Schlieren  techniques  were 
preferred  for  use  to  complement  the  stereo  PIV  approach. 

4  Warwick  University  Transonic  Blowdown  Fa- 
cilfty(TBF)  Description 

The  Warwick  University  Transonic  Blowdown  facility  is  s 
transient  tunnel  surrounded  by  an  Anacote  chamber.  The  initial 
function  of  the  test  cell  had  been  the  evaluation  of  noise  levels 
at  the  exit  of  a  transonic  jet 

The  facility  is  described  schematically  in  the  diagram  shown  in 
Figure  2.  The  compressor  supplies  air  directly  into  the  presssure 
vessel,  and  takes  approximately  20  minutes  to  achieve  its  design 
pressure  of  26  bar;  i.e.  it  holds  90kg  of  air.  The  run  conditions 
are  determined  by  the  setting  of  valve  M/R2  which  switches  on 
the  pilot  operated  valve  R18.  The  AG20  step  down  valve  serves 
only  to  protect  the  M/R2  valve  from  excessive  pressure.  The  flow 
then  passes  through  the  regulator  valve  R34.  This  is  an  electroni¬ 
cally-controlled  valve  which  can  be  set  to  maintain  a  fixed 
flow-rate  downstream.  Ultimately,  as  the  mass  of  air  in  the 
pressure  vessel  is  depleted  (normally  by  no  more  than  20%  to 
limit  any  changes  in  the  Reynolds  number),  the  pressure  imme¬ 
diately  upstream  of  the  regulator  falls.  The  electronic  control  on 
the  regulator  senses  the  pressure  drop  and  compensates  accord¬ 
ingly.  The  flow  then  passes  through  a  dryer  and  a  ball-bearing 
IVCO  valve,  solenoid  operated  through  a  Norbro  pneumatic 
actuator,  before  entering  the  settling  tank.  The  ball-bearing 
valve  is  computer-controlled  by  the  imaging  equipment  and 
opened  approximately  1  second  before  imaging  begins  to  ensure 
the  desired  flow  conditions  have  been  achieved.  The  settling 
tank  lies  immediately  before  the  ionic  throat;  the  stagnation 


pressure  at  this  point  being  the  deteminant  factor  in  the  behaviour 
of  die  test  flow.  The  seeding  required  for  PIV  experiments,  is 
injected  into  the  settling  chamber  as  shown,  at  a  pressure  of 
approximately  8  bar. 

The  facility  has  only  recently  come  under  the  control  of  the 
Optical  Engineering  Laboratory.  A  number  of  improvements  are 
currendy  being  studied.  These  include  differential  pressure 
transducer  shut-down  when  the  mass  in  the  presssure  vessel  falls 
below  a  set  point,  placing  the  dryer  before  the  pressure  vessel, 
addition  of  a  by-pass,  and  replacement  of  the  current  regulator 
arrangement  to  improve  the  available  flow  rate. 

5  3DPIV/Schlieren  Experimental  Techniques 

The  nature  of  the  Schlieren  pictures  obtained  as  part  of  a  3DPI V 
system,  can  be  rather  different  from  conventional  Schlieren  and 
provides  further  insight  into  the  characteristics  of  the  flow  under 
consideration.  Typically,  a  small  percentage  is  bled  from  the 
main  Nd/YAG  beam  to  provide  the  light  source  for  imaging. 
This  light  source,  in  a  typical  high-speed  experiment,  would  be 
made  up  of  two  or  three  10ns  pulses  |u  apart.  Thus,  each  pulse 
generates  and  almost  instantaneous  image  of  the  flow.  Therefore, 
if  the  flow  within  the  sensing  period  is  stable  one  image  is  visible. 
If  the  flow  is  highly  turbulent,  two  or  three  distinct  images  obtain. 

6  Overall  System 

The  experimental  system  of  Figure  3  was  implemented  in  order 
to  investigate  the  suitability  of  the  Schlieren  technique  as  a 
complement  of  the  3DPIV  system.  Approximately  5%  of  the 
light  could  be  taken  by  a  beam  splitter  from  the  main  3DPIV 
pulse  laser  beam  and  employed  for  the  Schlieren  image.  The  rest 
of  the  beam  being  employed  for  PIV  imaging,  as  recently  re¬ 
ported121  at  SPIE,  to  produce  the  3DPIV  data. 

As  a  means  of  setting  up  the  experiment  and  checking  the 
system  more  easily,  a  shadowgraph  configuration  was  setup  first. 
This  setup  involved  the  use  of  white  light  source  rather  than 
bleeding  the  Nd/YAG  and  simplyfing  the  optics  to  image  a 
shadowgraph  rather  than  the  extra  work  involved  in  setting  up 
the  spatial  filter  for  the  Schlieren  image. 
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Figure  2  Schematic  diagram  of  the  TBF  facility 
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7  PIV  Imaging  System 

The  PIV  system  includes  a  computer-controlled  high-sensitiv¬ 
ity  CCD  camera  arrangement,  together  with  image  analysis  tools 
which  allow  the  user  to  asses  the  results  of  the  test  within  a  half 
hour  period.  The  whole  system  being  externally  triggered,  to 
allow  the  investigation  of  stator-rotor  interactions  for  instance. 

In  fact,  the  system  has  been  recently  successfully  tested  at  Mach 
2.  As  soon  as  the  UPC  is  available,  this  video  system  will  be 
tested  at  DRA  Pyestock.  It  is  designed  to  cope  with  the  exacting 
requirements  demanded  by  the  stator/rotor  interaction  research 
currently  under  way.  It  is  schematically  described  in  figure  4  : 

A  high  performance  colour  frame-grabber  lies  at  the  heart  of  the 
system.  Thus,  it  is  able  to  record  stereo  images  as  well  as  a  third 
general-purpose  camera;  all  genlocked.  It  is  controlled  by  a  PC 
which,  through  an  I/O  board,  also  controls  the  analog  control 
circuitry.  The  analog  control  circuit  generates  the  video  sync, 
signals  required  by  the  CCD  cameras  (set  to  768x576  non-inter¬ 
lace  mode)  and  the  LFS  sync,  which  fires  the  laser,  taking  into 
account  the  external  trigger  generated  by  a  rotor  blade  passing  a 
position  of  interest  downstream  of  the  stator  blade.  Stepper 
drives  are  also  available  through  the  I/O  board  as  required  up  to 
a  maximum  of  6.  The  oscilloscope  is  used  for  focussing  pur¬ 
poses.  The  LFS  is  controlled  by  a  second  PC  which  intructs  it 
as  to  the  relative  delay  between  the  various  operations  it  perform- 
s. 


8  Data  Processing  and  Analysis 

The  pre-processing  of  the  data  before  computer  analysis  con¬ 
sisted  of  the  following  steps.  The  data  was  split  into  individual 
TIF  images  according  to  colour  channel  and  frame.  Computer 
enhancement  of  the  PIV  images  was  carried  out  employing  the 
XV  package  under  the  UNIX  operating  system.  They  were  then 
transformed  to  be  viewed  from  a  complementary  position  as  the 
Schlieren  image  by  the  APWin  package.  APWin  was  then 
applied  to  the  PIV  data. 

APWin  is  a  computer  program  which  is  the  result  of  a  long 
period  of  research  directed  towards  the  automatic  extraction  of 
particle  image  data  from  stored  digital  images.  A  direct  spatial 
digital  processing  method  was  adopted.  This  approach  was  taken 
after  reviewing  the  work  of  Goss,  1989.  The  particle  data  at 
transonic  speeds  tends  to  be  sparse,  which  makes  the  processing 
of  individual  particles  far  more  attractive  than  the  global  process¬ 
ing  usually  applied  to  low  speed  flows.  There  are  several  signi¬ 
ficant  advantages  of  working  with  a  direct  image  as  opposed  to 
the  more  conventional  Fourier  domain  approaches  of  Adrian*4^; 
as  described  in  the  companion  paper  presented  at  this  conference. 
The  digitized  particle  field  analyzed  by  APWin  is  a  binary  image. 
The  images  contain  several  features  which  need  to  be  separated 
without  ambiguity.  These  being: 

•  Images  of  the  paired  particles. 

•  Single  unmatched  particles. 
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Figure  4  Schematic  diagram  of  solid  state  system 


•  Glare  from  laser  light  reflection. 

•  Noise. 

The  processing  must  identify  the  spacing  of  the  paired  particles 
and  translate  them  into  velocities.  An  automatic  spatial  analysis 
strategy  has  been  evolved  to  deal  efficiently  with  the  sparse  data 
fields  encountered.  Aimed  at  reducing  the  effect  of  ambiguity  in 
particle  pairing,  and  accommodating  the  changing  flow  direc¬ 
tions,  this  strategy  incorporates  the  following  steps  in  an  iterative 
fashion  until  no  new  pairs  are  encountered. 

•  Initial  particle  pairing. 

•  Ambiguous  pair  recognition. 

•  Setting/updating  a  velocity  and  direction  range. 

•  Removal  of  background  flare  and  noise. 

•  Final  particle  sorting. 

APWin  was  slightly  altered  to  enable  the  user  to  implement  a 
transformation  of  the  image  under  consideration.  This  was 
required  because  the  Schlieren  mirrors  lay  in  the  path  of  view  of 
the  cameras  and  so  the  cameras  were  placed  under  the  mirrors. 
Therefore,  the  PIV  images  had  to  be  transformed  to  the  same 
spatial  position  as  the  Schlieren.  The  Schlieren  image  was 
recorded  by  a  third  camera.  Thus,  the  power  required  by  the 
Schlieren  picture  could  be  kept  to  a  minimum  and  so  not  lead  to 
a  loss  of  contrast  of  the  main  3DPIV  images.  The  Schlieren 
camera  was  connected  to  the  blue  channel  of  the  frame  grabber 
and  sensed  as  part  of  a  colour  image. 

9  Experimental  Results 
The  experiment  consisted,  as  previously  decribed,  of  two 
stages.  The  first  involved  the  use  of  a  white  light  source  and  a 
shadowgraph  to  validate  the  system.  The  second  part  involved 


the  use  of  laser  light  and  Schlieren  imaging.  Figure  S  shows  the 
results  of  the  first  stage  of  the  experiment.  The  second  part  of 
the  experiment  was  not  completed  due  to  equipment  failure. 
Because  the  second  stage  of  this  test  was  not  judged  to  be  critical, 
and  given  some  time  constraints,  this  part  was  abandoned  as  not 
being  worthy  of  the  extra  work  involved. 

Nevertheless,  the  availability  of  a  diagnostic  image  to  comple¬ 
ment,  and  set  into  a  qualitative  framework,  the  PIV  data  has  been 
shown  to  be  a  major  step  forward  in  the  development  of  this 
technique.  By  providing  the  Shadowgraph  picture  as  the  back¬ 
ground  picture  to  the  stero  images,  as  shown  in  Figure  5,  the 
interpretation  and  validation  of  the  data  is  made  clearer  and  easier 
respectively. 

lOCurrent  Research 

As  shown  in  Figure  5,  the  PIV  information  is  at  the  moment 
displayed  in  the  form  of  two  separate  PIV  images.  These  two 
images,  however,  if  suitably  combined  yield  a  full  three-dimen¬ 
sional  plot  of  the  velocity  field.  In  order  to  achieve  this  result 
the  following  steps  have  to  be  taken.  Firstly,  the  three  images 
must  be  captured;  as  shown  in  this  paper.  Secondly,  with  the 
help  of  the  REGISTER  software  described  in  the  companion 
paper  presented  at  this  conference,  an  accurate  -  down  to  +/- 1° 
-  estimate  of  all  relative  positions  must  be  made  to  enable  a 
reliable  estimate  of  the  out-of-plane  component  of  velocity. 
Thirdly,  an  algorithm  has  to  be  implemented  to  identify  particle 
pairs  appearing  in  both  PIV  views;  this  topic  being  one  of  data 
analysis  and  display  is  currently  the  subject  of  some  of  the 
groups'  research.  Fourthly,  using  the  technique  described  in  the 
companion  paper,  the  objective  is  that  of  combining  geometric 
and  photometric  information  to  yield  an  estimate  of  the  out-of¬ 
plane  component  with  an  accuracy  comparable  to  that  of  the 
in-plane  components  of  velocity.  Lastly,  the  three-dimensional 
velocity  field  has  to  be  displayed  and  combined  with  the  flow 
density  image  to  yield  an  overall  picture  of  the  region  of  interest; 
which  is  another  area  of  current  research. 
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11  Conclusions 

The  refinement  of  the  3DPTV  system  provided  by  the  Schlieren 
image  delivers  a  system  which  can  be  used  to  investigate  un¬ 
steady  transonic  flow  both  from  a  qualitative  and  a  quantitative 
standpoint  at  the  same  instant  of  flow. 

The  limitations  of  the  imaging  system  are  no  longer  one  of 
science  but  merely  of  technology  and  price.  With  sufficient 
funds,  it  is  theoretically  possible  to  devise  and  implement  a 
system  of  as  much  as  2048x2048  pixels  resolution.  At  this 
resolution,  the  solid  state  approach  begins  to  compare  favourably 
with  film,  while  providing  greater  sensitivity,  at  video  rates  for 
instant  analysis. 

Furthermore,  it  opens  the  possibility  of  providing  a  basis  for 
extracting  qualitative  data  from  Schlieren  pictures ;  by  combining 
PIV  and  Schlieren  density  information  or  fringe  information. 
Instantaneous  information  of  a  highly  turbulent  flow  at  approxi¬ 
mately  240  m/s  was  obtained  both  of  a  qualitative  and  quantita¬ 
tive  nature  simultaneously;  thus  opening  the  door  to  a  thorough 
non-intrusi  ve  investigation  of  the  nature  of  turbulence  and  losses 
generated  by  unsteady  flow  in  turbomachinery.  The  equipment, 
given  its  characteristics,  being  ideal  for  real  industrial  applica¬ 
tions,  rather  than  merely  laboratory  use. 
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